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Summary 

 

CO2 concentration in the atmosphere is increasing at unprecedented rate since the last 800,000 

years due to rising fossil fuel combustion, industrial processes and land use by humans. By 

absorbing part of this gas from the atmosphere, Oceans contribute to the mitigation of climatic 

changes, but at the cost of greater modifications of their physical and chemical characteristics. 

CO2 dissolved in the seawater leads to increased bicarbonate (HCO3
-) and hydrogen ions (H+) 

concentrations with a consequent pH drop, a phenomenon known as Ocean Acidification (OA). 

If global policy will not put in force mitigation measures to reduce CO2 emissions, it is projected 

that partial pressure of dissolved CO2 (pCO2) will increase up to 600-700 µatm by 2050 and up 

to ~1000 µatm by 2100. At the same time, ocean surface pH is predicted to further drop by 0.3-

0.4 units by the end of this century. OA is considered one of the most serious threat for marine 

organisms and ecosystems, and this topic was the most studied field of investigation between 

2000 and 2013. Several quantitative reviews based on meta-analytic approaches allowed some 

generalizations on the sensitivity of marine species to elevated pCO2 levels and lowered pH 

showing that OA expected for next decades would negatively affect survival, calcification, 

growth and development of a wide variety of taxa. Calcifying organisms are considered the most 

threatened group, as increase of hydrogen ions concentration may also determine the decrease of 

saturation states with respect to aragonite and calcite, two forms of calcium carbonate forms 

commonly used for building up organisms’ shells and skeletons. However, expected CO2 levels 

in the ocean may also affect several biological processes of non-calcifying organisms. In the last 

decade, a growing number of studies focused on the impact of elevated CO2 concentration on 

fish. The vast majority of these studies was conducted under controlled laboratory conditions and 

showed highly variable sensitivities among species, making difficult to reach some 

generalization on the possible future impact of this environmental change.  
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The general aim of this thesis was to assess how elevated CO2 may affect different biological 

processes of marine teleost fish through field-based and laboratory experiments. For this 

purpose, I investigated the response of tropical and temperate species during different life stages 

(from embryos to adults) and at different organization level (from individuals to community).  

The first aim of my thesis was to depict the state of the art on ocean acidification effects on fish 

worldwide. This goal was achieved through a quantitative review of papers published until June 

2016 (chapter 2). Specifically, through a mixed-effects meta-analytic approach, I provide the 

first comprehensive global analysis of eco-physiological, developmental, and behavioural 

responses of fish to expected CO2 levels in the near-future ocean. To assess if such responses 

may be mediated by fish characteristics, I evaluated the role of different life history traits (e.g. 

climatic zone, life stage, physiology, and habitat) in modifying fish sensitivity to OA. Results 

showed that, if anthropogenic CO2 emissions continue to rise, significant effects of elevated CO2 

levels on fish mortality, calcification, and behavioural performances are expected to occur in the 

next decades, particularly for larvae. Some effects may be more subtle than expected, as 

mortality rates per se may be enhanced by observed decreasing growth of larvae and higher 

predation riskunder elevated CO2. Despite some specific fish traits might mediate the responses 

of fish to OA (e.g. I found differences in behavioural impairments levels between tropical and 

temperate species), my analyses failed to find a single life history characteristic potentially 

confering fish tolerance to elevated CO2. A strong need to expand the number of OA studies to 

multi-generational, multi-stressor and species interactions experiments is also discussed.  

The following three chapters dealt with the effects of OA on embryos, juveniles and adults of a 

temperate wrasse species (Symphodus ocellatus) living off a volcanic CO2 seep site (Vulcano 

island, Italy). It has been widely demonstrated that fish reared at elevated CO2 concentrations 

display severe behavioural disruptions, such as altered lateralization, increased activity rates, 

unability to recognize olfactory cues. These effects have been mainly investigated in laboratory 
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conditions and only two studies evaluated the impact of OA on behaviour of fish chronically 

exposed to elevated CO2 in the wild. Moreover, no previous studies focused on the possible 

effects of OA on fish reproductive behaviour. Chapter 3 provided the first evidence of the effects 

of ocean acidification on reproduction of fish in the wild. Specifically, I assessed how different 

CO2 concentrations may alter key mating behaviours and spawning ability in a species with 

different typologies of breeding males (dominant nesting, satellite and sneaker S. ocellatus 

males). Results showed that dominant male mating behaviour was unaffected, as courtship and 

nest defence did not differ between sites under ambient and elevated CO2 concentrations. 

However, dominant males experienced significantly lower rates of pair spawning at elevated 

CO2 levels, despite maintaining a trend of higher paternity than sneaker and satellite males. 

The chapter 4 assessed the influence of increasing CO2 concentrations on the metabolic rate 

(oxygen consumption) and the development of ocellated wrasse early life stages. For this 

purpose, I ran translocational experiments in the field, by collecting embryos from nesting sites 

with different pCO2 levels and transplanting embryos from ambient- to high-CO2 sites for 30 h. 

Results showed that ocellated wrasse offspring brooded in different CO2 conditions had similar 

metabolic responses, but  embryos from parents that spawned in ambient conditions had higher 

metabolic rates and a smaller size at hatching when transplanted in the high-CO2 site. However, 

the adverse effects of increased CO2 on metabolism and development did not occur when 

embryos from the high-CO2 nesting site were exposed to ambient conditions, suggesting 

potential parental effects as offspring from the high-CO2 nesting site could be resilient to a wider 

range of pCO2 values than those belonging to the site with present-day pCO2 levels.  

The chapter 5 focused on the ability of S. ocellatus recruits to recognize their predator under 

elevated CO2. Several studies showed that fish exposed to CO2 concentrations expected for the 

next decades are potentially more sensitive to predation, as they show bolder behaviour and 

appear to be attracted from cues they normally avoid. However, treatment with gabazine - a 
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neuroreceptor GABA antagonist – restore the normal behaviour. These evidences have been 

described mostly through short-term laboratory trials on tropical fish species, whilst experiments 

on temperate fish from populations chronically exposed to elevated CO2 in the field have been 

seldom carried out. I investigated whether recruits (i.e. settled larvae) of the ocellated wrasse S. 

ocellatus from high CO2 recruitment sites off a volcanic seep lost their ability to recognize the 

odour of a common predator. Results showed that fish, treated or untreated with gabazine, both 

from ambient and high CO2 sites, displayed a similar avoidance of predator odour, suggesting 

that ocellated wrasse recruits could be tolerant to rising CO2. This study adds on previous 

evidence that temperate fish species might exhibit higher resilience to OA than tropical species. 

The chapter 6 evaluated how short-term exposure to high CO2 concentrations may influence the 

escape response and the shelter use under predation risk of juveniles of the tropical damselfish 

Chromis viridis. For this purpose, I ran two different experiments in aquaria, by measuring the 

escape response kinematic and the use of shelter of groups of damselfishes reared for 5 days 

under different CO2 conditions (ambient and high CO2 concentrations) in presence/absence of 

their predator, the black tip grouper Epinephelus fasciatus. Whereas high CO2 had no effect on 

the escape performance of C. viridis, their use of shelter was significantly impaired, as juveniles 

reared at acidified conditions spent more time outside and ventured farther from the refuge than 

those reared at control conditions.  

The chapter 7 documented how OA may indirectly affect the composition and structure of fish 

communities via biogenic habitat shifts in CO2 seeps off Japan. Many recent studies suggested 

that elevated CO2 may affect the structural complexity of biogenic habitats, altering the species 

composition of the associated fauna and amplifying the indirect negative effects of OA on the 

biodiversity they support. By now, only two studies empirically estimated the indirect effects 

(via biogenic habitat change) of ocean acidification on fish assemblages, showing contrasting 

results. Long-term elevated CO2 did not lead to changes in reef fish community composition and 
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structure in Papua New Guinea, whereas community effects were recorded on temperate coastal 

fish assemblages in CO2 seeps off Italy and New Zealand. Here, I coupled fish and benthic 

community surveys (complexity, canopy, % cover of main biogenic habitats) at and around 

natural CO2 seeps off Shikine Island (NW Pacific, Japan) to assess how OA-mediated changes of 

biogenic habitat may alter structure and composition of reef fish communities. Results showed 

shift in biogenic habitats from zooxanthellate scleractinian corals and high profile macroalgae in 

ambient CO2 sites to small turf algae in elevated CO2 sites, and rather consistent changes in the 

associated fish communities with a clear diversity loss.  
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Chapter 1 - General Introduction 
 

Since the Industrial revolution, the fingerprints that humans have left on Earth systems have 

grown progressively, with few substantial slowdowns. Recently, the rapid change in the 

relationship between humans and the global environment has launched a global debate on 

whether on not we are entered in a new geologic epoch, namely the Anthropocene (Steffen et al. 

2011). No matter we are already in the Anthropocene, increasing fossil fuel combustion, 

industrial processes and land use have led the amount of anthropogenic carbon dioxide (CO2) in 

the atmosphere to dramatically raise in the last 200 years, nowadays exceeding over six billion 

metric tons per year. Specifically, the average atmospheric CO2 concentration is increased from 

280 parts per million (ppm) in the nineteenth century to more than 400 ppm today 

(Dlugokencky, E. and Tans, P. 2015; Available at: www.esrl.noaa.gov/gmd/ccgg/trends/ 

(accessed October 2016); Fig. 1), which is considered the highest atmospheric CO2 concentration 

ever recorded for the last 800,000 years (Honish et al 2012).  

 

Figure 1 - Recent monthly mean atmospheric carbon dioxide (ppm) measured at Mauna Loa Observatory, Hawaii. Dashed 

red line represents the monthly mean values, centered on the middle of each month. The black line represents the same, after 

correction for the average seasonal cycle. (source: http://www.esrl.noaa.gov/gmd/ccgg/trends/). 

 

http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.esrl.noaa.gov/gmd/ccgg/trends/


 

16 
 

Nowadays, it is doubtless this huge amount of anthropogenic CO2, acting together with other 

greenhouse gases, is driving a series of major environmental changes (e.g. Stocker et al. 2013). 

Global average temperature is raised on average by 0.85 °C (from 0.65 to 1.06 °C) over the 

period 1880-2012 and the 1983-2012 has been the warmest period of the last 800 years (Stocker 

et al. 2013). Moreover, it has been predicted that global atmospheric temperature will further 

increase up to 4°C by the end of this century (Collins et al. 2013; Fig. 2) determining a series of 

related phenomena on global scale, such as the melting of glaciers and the sea level rise. 

 

 

 

Figure 2 - Global mean temperature change averaged across all Coupled Model Intercomparison Project Phase 5 (CMIP5) 

models (relative to 1986–2005) for the four Representative Concentration Pathway (RCP) scenarios proposed by the IPCC 

(2013): RCP2.6 (dark blue), RCP4.5 (light blue), RCP6.0 (orange) and RCP8.5 (red). (source:FAQ 12.1 in Chapter 12 of the 

Working Group I report of IPCC 2013). 

 

Indeed, the number of warm days and nights – as well as the frequency of heat waves in large 

part of Europe, Asia and Australia – have increased between 1951 and 2010 on the global scale 

(Stocker et al. 2013). However, the extent of these and other similar warming-related phenomena 
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are still partially lessened by the functioning of two main CO2 sinks: the land biosphere and the 

oceans (Sabine et al. 2004).  

By absorbing about one third of the atmospheric CO2, oceans are significantly contributing to the 

mitigation of climatic changes, but at the cost of greater modifications of their physical and 

chemical characteristics. When the CO2 dissolves in the seawater, the resulting carbonic acid 

(H2CO3) dissociates into bicarbonate (HCO3
-) and hydrogen ions (H+), with a consequent 

reduction of the ocean pH. This process is known as Ocean Acidification (OA) (Caldeira & 

Wickett, 2003). Hydrogen ions also react with seawater carbonate (CO3
2-) to form additional 

HCO3
- and therefore causing the decrease of saturation states with respect to calcium carbonate 

forms (aragonite and calcite), which are commonly used by organisms for building up their 

shells and skeletons. This process is already under way since the Industrial revolution, as the 

partial pressure of dissolved CO2 (pCO2) is increased from ~ 280 µatm to ~ 400 µatm today and 

is predicted to increase up to 600-700 µatm by 2050 and up to ~1000 µatm by 2100 

(Meinshausen et al. 2011). Concomitantly, ocean surface pH has already decreased by 0.1 unit 

from the eighteenth century corresponding to 26% increase in hydrogen ion concentration, and is 

predicted to further drop by 0.3-0.4 units by 2100 under the RCP8.5 scenario (IPCC 2013; Bopp 

et al. 2013; Pörtner et al. 2014).  

Since the gas exchange between the atmosphere and the hydrosphere occurs across the ocean 

surface layers, the highest concentration of anthropogenic dissolved CO2 can be found in near-

surface waters (Sabine et al. 2004). By contrast, CO2 levels in the deep ocean are usually much 

lower than shallow waters, as the time-scale for seawater mixing can be very slow and lasting 

several centuries. In addition to a vertical difference in the CO2 levels, anthropogenic CO2 

concentration in the seawater may largely vary at regional scale. The largest increase of surface 

CO2 is expected for the Arctic region and the North Atlantic Sea, where the ice melting may 
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amplify the ongoing acidification process (Sabine et al. 2004; Gattuso et al. 2015; McNeil & 

Sasse 2016;). Similarly, to regional differences in CO2 concentrations, different marine 

ecosystems (e.g. inshore vs offshore ecosystems) may exhibit large CO2 variability. Subtidal and 

intertidal communities in the coastal zones, naturally experience large CO2 fluctuations due to 

biotic and abiotic processes (e.g. respiration, upwelling phenomena, eutrophication, freshwater 

inputs or other biogeochemical processes; Hofmann et al. 2011). Despite this and whatever the 

regional or the ecosystem-level variability in ocean pH and CO2, IPCC projections suggest a 

global (up to) four-fold increase in oceanic pCO2 by 2100, with marine organisms experiencing 

much larger extreme CO2 levels across the twenty-first century (Fig. 3; McNeil & Sasse 2016). 

Such rates of physico-chemical changes will affect a wide range of marine organisms, with likely 

unpredictable consequences for ecosystems functioning and the food security and livelihoods 

they provide to humans.  

 

Figure 3 - Monthly pCO2 cycle over the twenty-first century in a nominal region in the North Pacific surface ocean (pink) 

illustrating the early onset of monthly oceanic hypercapnia events in comparison to atmospheric CO2 (blue). The dashed 

horizontal line indicates the onset of hypercapnia at pCO2 = 1,000 μatm; the dashed vertical line marks the time at which the 

surface ocean first experiences hypercapnia events. The fourfold amplification of the annual pCO2 cycle between 2000 and 

2100 that causes the early onset of monthly hypercapnia events is highlighted by the blue arrows. (source:McNeil & Sasse, 

2016). 
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Effects of Ocean Acidification (OA) on organisms 
 

The response of the marine biota to ocean acidification was the most studied field of 

investigation between 2000 and 2013, with an annual 35% increase on average of the number of 

published papers in the last five years (Riebesell & Gattuso 2015). The striking growth of this 

research field was likely due to documented evidence that many of the mass extinction events in 

the past occurred in a context of global high CO2 concentrations (Clarkson et al. 2015; Garilli et 

al. 2015). More specifically, over the last decades a growing number of studies has identified 

that expected CO2 levels in the ocean may affect marine organisms interfering with a variety of 

biological processes. As experiments often reported mixed responses between or within taxa, 

several quantitative reviews based on meta-analytic approaches have allowed some 

generalizations on the sensitivity of marine species to elevated pCO2 levels and lowered pH 

(Harvey et al. 2013; Hendriks et al. 2010; Kroeker et al. 2010, 2013; Wittman & Pörtner 2013). 

These studies showed that OA would negatively influence survival, calcification, growth and 

development of a wide variety of taxa (Fig. 4). Under current CO2 rate emissions, these effects 

could be evident for many calcifying and non-calcifying species by 2050 and for most of them 

by 2100 (Wittman & Pörtner 2013; Gattuso et al. 2015). 
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Figure 4 – Mean effects of Ocean Acidification on biological processes of marine taxa. Significance is indicated by asterisk 

and is determined when the 95% bootstrapped confidence interval does not cross zero. Number of experiments used to 

calculate the effect are reported between parentheses. (source: Kroeker et al. 2013) 

 

Seagrasses, fleshy algae and some phytoplanktonic taxa seem to be advantaged in a high CO2 

world, showing increased photosynthesis, growth rates and enhanced recruitment when 

experiencing pCO2 levels ranging from 700 to 900 µatm (Kroeker et al. 2010; Koch et al. 2013). 

Detrimental effects of ocean acidification are indeed evident for organisms building up calcium 

carbonate skeletons (Fabry 2008; Kroeker et al. 2013). Coccolithophores, foraminifera, coralline 

algae, corals, sea urchins, gastropods, mussels, oysters and other bivalves, generally showed 

consistant decreased calcification or shell weight loss when exposed to elevated CO2 and low 

pH. Additional OA-mediated effects on calcifying organisms included reduced survival, size and 

abundance, or increased occurrence of damaged calcified structures, altered reproductive success 

and impaired development of early stages (Harvey et al. 2013; Kroeker et al. 2013; Wittman & 

Pörtner 2013; Przeslawski et al. 2015; Garilli et al. 2015). Likely, reef-building corals are the 

most studied group and on average a 10-60% decrease in calcification rates has been observed in 

high CO2 experimental conditions (Council 2010). These effects are linked to increased 

dissolution, to a lower availability of calcium carbonate in acidified seawater and to an increased 
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metabolic cost to maintain elevated pH conditions and high calcium carbonate saturation states at 

the calcification sites, thus affecting biomineralization (e.g., Gattuso et al. 1998; Pörtner et al. 

2010).  

Organisms exposed to altered ocean acidification levels accumulate elevated CO2 concentrations 

in intra-body compartments, with this having consequences on a wide range of functions, such as 

changes on ion exchange rate, gene expression and protein synthesis, blood oxygen transport, 

metabolic pathways as well as neurosensory functions (Wittman & Pörtner 2013; Fig. 5). 

Multicellular organisms have greater passive buffering capacities than simpler organisms, and 

many of them can control their body fluids pH acid or basethrough acid-base regulation 

(Melzner et al. 2009). However, such processes do have energetic costs, which may lead to 

imbalanced energy budgets, ultimately affecting metabolism and other biological processes, like 

reproduction and growth (e.g. Melzner et al. 2009; Sokolova et al. 2012; Pörtner et al. 2014).  

 

Figure 5 – Schematic representation of high CO2 effects on intra- and extra-cellular spaces of animals. Green circles 

indicate increasing pf CO2 concentrations; red circles indicate decreasing pH. Black arrows indicate diffusive processes; red 

broken arrows indicate direct and indirect effects of low pHi (intracellular) and pHe (extracellular) on cellular processes (in 

blue). (source:Wittman & Pörtner 2013). 
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For the reason explained above, there is increasing evidence that also those organisms having 

efficient acid-base regulatory mechanisms and generally considered less sensitive or even 

tolerant to elevated pCO2 and lowered pH, such as fish and crustaceans, may also show altered 

growth, metabolism, calcification and development when exposed to high pCO2 levels (Heuer & 

Grosell 2014). For instances, increasing calcification rates, as well as augumented otolith 

formation, were observed in adult crabs, lobsters, shrimps and fish under elevated CO2 (Ries et 

al. 2009; Checkley et al. 2009; Munday et al. 2011). Studies on fish reared under projected OA 

showed altered metabolic rates (Rummer et al. 2013; Pimentel et al. 2014a), abnormal 

development in early life stages (Baumann et al. 2012; Chambers et al. 2014) and increased 

tissue damaged (Frommel et al. 2012, 2014; Pimentel et al. 2014b). Moreover, laboratory and 

field-based experiments highlighted severe effects on behaviour of fish, molluscs and 

crustaceans exposed to altered pCO2, including impaired learning, risk perception, and habitat 

recognition, loss of lateralization and increased boldness (Dodd et al. 2015; Munday et al. 2014; 

Watson et al. 2014; but see Briffa et al. 2012; Nagelkerken & Munday 2016 for reviews). It has 

been demonstrated that behavioural changes are due to interference of CO2 with GABA-A 

function, an inhibitory neuroreceptor activated by the neurotransmitter GABA. When animals 

are exposed to high pCO2 levels, the resulting alteration of ionic flow through the GABA-A 

receptor elicits an excitatory response that leads to altered risk perception, a bolder behaviour 

and an impaired neurosensory functions (Nilsson et al. 2012; Watson et al. 2014; Fig. 6). 

Indeed, these effects could have downstream consequences at both population and community 

levels, e.g. via altered ecological processes such as predator-prey interactions, dispersal, 

settlement and habitat choice (Nagelkerken & Munday 2016).  
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Figure 6 – Schematic representation of high CO2 effects on GABA-A receptor functions. Normally GABA neurotransmitters 

determine the inflow of Cl- and HCO3- through GABA receptor causing membrane hyperpolarization and inhibited neural 

activity. High pCO2 levels determine altered transmembrane gradient of Cl- and HCO3- leading to excitatory responses due 

to GABA-A receptor depolarization. These abnormal effects are reversed by gabazine, an antagonist of GABA 

neurotransmitter. (source: Nilsson et al. 2012).  

 

The above examples document that OA will threaten a wide range of marine taxa. The 

sensitivity of a given animal appear to be taxon-specific, and the observed variability in 

responses, even among different life stages within the same species, suggests that some 

specific life-history traits might modulate the effects of altered CO2 conditions (Kroeker et al. 

2013). However, present knowledge on the actual effects of expected ocean chemistry 

changes is still limited as responses of organisms too often were tested on single species after 

short-term CO2 exposures, as well as were carried out in many instances under controlled 

laboratory conditions. Indeed the ability of a given species to cope with high CO2 levels will 

depend upon its capacity to acclimatizate in the long term (Sunday et al. 2014). 
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Effects of Ocean Acidification (OA) on ecosystems 
 

We do know that species do not exist in isolation but as parts of large communities of interacting 

organisms. As species individually begin to respond to their changing environments, unexpected 

interactions and effects are likely to occur. Indeed, there has been extensive OA research into 

organism level effects on single species, but "even if the responses of all species to all 

environmental changes were known, it would not enable the response of communities and 

ecosystems to be forecast, as that would require additional information on competitive and 

trophic interactions" (Riebesell & Gattuso 2015). Given that, one of the biggest challenges for 

the field of ocean acidification research (and indeed all climate change research) is 

understanding how communities and ecosystems will respond, in order to assess the 

consequences for the goods and services they provide (Gaylord et al. 2015; Riebesell & Gattuso 

2015). Similarly, addressing how OA will directly or indirectly (e.g. via altered interspecific 

interactions) affect biodiversity and ecosystem functioning will help the strong need of feeding 

novel and more detailed models aimed at assessing both species and ecosystem vulnerability to 

global environmental change (e.g. Sunday et al. 2016).  

Differential sensitivities to OA will result in winner and loser species, as well as altered 

predator-prey interactions, competition and food web dynamics (Nagelkerken & Connell 2015). 

For instance, effects of OA on important functional groups (e.g. phytoplankton) could cascade 

up throughout the ecosystem, even leading to the extinction of higher trophic levels (Comeau et 

al. 2009, 2010; Lischka et al. 2010). Under these circumstances, OA research needed to scale up 

to higher levels of organization exploiting field-based experimental approaches along natural 

pCO2 gradients (e.g. upwelling areas or CO2 seeps) (Hall-Spencer et al. 2008; Barry et al. 2010). 

Investigations off natural pCO2/pH gradients are largely contributing to predict possible future 
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effects of OA at ecosystem level as well as responses of chronically exposed species, allowing to 

gain novel knowledge on more complex ecological responses. 

Recent studies carried out in temperate, subtropical and tropical CO2 seeps documented 

community shifts with some examples of indirect effects on the composition and structure of the 

associated benthic communities (Hall-Spencer et al. 2008; Fabricius et al. 2011, 2014; Inoue et 

al. 2013; Enochs et al. 2015). It is important to stress out that each study reported a specific 

community shift. For instance, Fabricius et al. (2011) documented a shift from a highly 

diversified and complex hard coral community to a single massive coral species in three different 

shallow carbon dioxide seeps in Papua New Guinea. Inoue et al. (2013) reported a replacement 

from hard coral habitats to dense soft coral populations in medium-pCO2 site (~ 850 µatm) off 

Iwotorishima Island (Japan). Enochs et al. (2015) identified a shift from coral-dominated habitats 

in ambient pCO2 sites to algae-dominated systems in high pCO2 in Northern Mariana Islands. 

Hall-Spencer et al. (2008) described a transition from communities with abundant calcareous 

organisms to communities lacking scleractinian corals and a significant reduction in coralline 

algae off CO2 vents in the Mediterranean Sea. Despite suggesting the unicity of the type of 

community shift among different regions of the Earth, a common feature shared by systems 

chronically exposed to elevated CO2 was the general loss of habitat complexity. Both theoretical 

models and empirical evidence suggest that the loss of habitat complexity leads to lower 

abundances and diversity of the associated communities (e.g. Jones et al. 2004). 

Regarding to this, one of the most comprehensive effort to assess ecosystem level effects of 

ocean acidification on a range of biogenic marine habitats is the very recently contribution by 

Sunday et al. (2016). By examining the relationship between biodiversity and complexity of four 

widespread biogenic habitats, Sunday and colleagues modeled the potential effects of pH 

changes on biodiversity, examining data from in situ studies. The results were surprisingly 

consistent within the same habitat and the predictions that coral and mussel habitats would 



 

26 
 

experience decreased biodiversity while algal and seagrass habitats would experience increased 

diversity were well supported not only by the predictive data but also by two empirical studies 

that directly measured the impact of pH on diversity. Importantly, situations where pH changes 

led to alternate habitat types interestingly demonstrated that more complex interactions (such as 

changes in competitive dominance) might occur (Sunday et al. 2016). 

 

Aims and structure of the thesis 
 

The broad aim of my thesis was to assess the expected effects of ocean acidification on marine 

teleost fish. To achieve this goal I used different eco-physiological approaches setting up field-

based observations, reciprocal translocations and lab-based experiments dealing with single 

species at different life stages or looking at community-wide effects. Specifically, I investigated 

developmental, behavioural and ecological responses of a set of tropical and temperate fish 

species exposed to ambient (400 µatm) and projected CO2 levels (~700-1000 µatm) by the 

coming decades. Fish species models considered in the experimental part of this study belong to 

the Mediterranean Sea, the Western Pacific and the Red Sea. 

The specific aims of my dissertation are detailed in the following chapters, whose general 

contents are the following. Using a mixed-effects meta-analytic approach, I carried a quantitative 

review of papers published until June 2016 to investigate how CO2 concentrations expected by 

next decades may affect eco-physiological, developmental and behavioral responses of teleost 

fish (chapter 2). The main aim of this chapter was to assess how different life history traits (e.g. 

climatic zone, life stage, habitat) could mediate fish sensitivity to OA. The following three 

chapters dealt with the effects of OA on embryos, juveniles and adults of a temperate wrasse 

species (Symphodus ocellatus) living off a volcanic CO2 seep site (Vulcano island, Italy). 

Specifically, I investigated the effects of pCO2 expected for the end of this century on 
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reproductive behaviour and spawning success of different breeding males (chapter 3), on 

metabolism and development of embryos (chapter 4) and on predator recognition ability of 

settled larvae (chapter 5). In the chapter 6, I evaluated through laboratory experiments how 

short-term exposure to high CO2 concentrations may influence the kinematic of escape response 

and the use of shelter of juveniles of the tropical damselfish Chromis viridis in the presence of a 

predator. I also assessed the indirect effects of OA on fish assemblages by evaluating how CO2-

mediated changes of habitat complexity along a natural pCO2 gradient off Japan may affect the 

composition and structure of the associated fish communities (chapter 7). Finally, concluding 

remarks and potential future directions are presented in the chapter 8. 
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Chapter 2 - Living in a high CO2 world: a global meta-

analysis shows multiple responses of fish to ocean 

acidification 

 
 

Introduction 
 

By absorbing >25% of the carbon dioxide (CO2) concentration and >90% of heat accumulating 

in the atmosphere, oceans play a key role in regulating the Earth’s climate (Gattuso et al. 2015). 

However, this occurs at a cost, as changes in the carbonate system resulting from increasing 

anthropogenic CO2 emissions – a process termed ocean acidification (OA) – have been 

progressing since the industrial revolution at a historically unprecedented rate (Doney et al. 

2009; Hönisch et al. 2012). OA is predicted to rise even more rapidly during this century, as 

average pCO2 (partial pressure CO2) could reach ~1000 µatm (Meinshausen et al. 2011) and pH 

could drop to ~7.8 (Bopp et al. 2013; Stocker et al. 2013; Pörtner et al. 2014; McNeil & Sasse 

2016), well beyond the threshold expected to be detrimental to many marine organisms (Kroeker 

et al. 2013). This may potentially have far-reaching consequences for marine ecosystems, 

including biodiversity loss and changes to marine community structure (Nagelkerken & Connell 

2015).  

International organizations warn that global economy could risk losing as much as $1 trillion 

USD annually if countries do not take urgent steps to slow down anthropogenic CO2 emissions 

by the end of the century (CBD 2014). Reflecting mounting concerns and to better face this 

potential threat, research attempts to predict biological impacts of OA have gone through a 

striking increase in publishing rate (with more than 500 articles published in 2013), which is 

unparalleled to any other scientific field (Riebesell & Gattuso 2015).  
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Biological consequences of OA are fundamentally linked to the ecology and physiology of 

marine species (Pörtner et al. 2014). Existing quantitative syntheses have found that effects vary 

among life stages, species or broader taxonomic groups (Hendriks et al. 2010; Kroeker et al. 

2010; Harvey et al. 2013; Kroeker et al. 2013; Wittmann & Pörtner 2013). Fish were initially 

thought to be resilient to OA as they are able to defend their internal pH in a high CO2 

environment through active ion transport (Claiborne et al. 2002; Brauner & Baker 2009; Melzner 

et al. 2009). Nevertheless, increased acid-base regulation could have energetic consequences that 

might affect growth and development, especially in early life stages (Ishimatsu et al. 2008). 

More recently, the compensatory responses that occur during acid-base regulation were found to 

influence fish physiology (e. g. calcification) and behaviour (Nilsson et al. 2012; Heuer & 

Grossel 2014). Although the effects of OA on calcification has focussed on calcifying algae and 

invertebrates, such as molluscs and echinoderms, some forms of calcification also occur in 

teleost fish. Calcification in fish occurs in the inner ear for otolith formation and in the intestinal 

lumen where calcium carbonate is precipitated to excrete excess calcium ions (Heuer & Grossel, 

2014). Fish potentially produce up to 45% of the global calcium carbonate budget (Wilson et al. 

2009), therefore playing an important role for ocean chemistry and carbon sequestration. Most 

notably, changes in the concentrations of acid-base relevant ions at higher CO2 levels appear to 

impair the function of neurotransmitter receptors causing a range of behavioural changes 

(Nilsson et al. 2012; Hamilton et al. 2014; Heuer & Grossel 2014). Documented fish behavioural 

effects of OA involve impaired lateralization, learning ability, sensory functions or decision-

making, along with disrupted anti-predator responses, increased boldness, and altered homing 

behaviour (see Briffa et al. 2012; Heuer & Grossel 2014, Clements & Hunt 2015, for qualitative 

reviews). The changes in behaviour and sensory functions may affect key ecological processes 

such as predator-prey interactions, dispersal, settlement and habitat choice, with cascading 

implications at the community level (Nagelkerken & Munday 2016).  
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To date, the large majority of studies documenting effects of high levels of pCO2 on fish were 

performed in laboratory conditions often using short-term exposure. This has raised concerns 

over the potential ability of fish to acclimate and adapt to predicted OA in the long term 

(Wittmann & Pörtner 2013). Indeed, recent studies show that parental exposure to high CO2 may 

dramatically improve the performance of offspring in a high CO2 environment (Miller et al. 

2012; Murray et al. 2014) and that populations of some species exhibit heritable variation that 

could help them adapt to rising CO2 levels (Malvezzi et al. 2015). Experimental evidence using 

parental exposure to elevated CO2 (Welch et al. 2014) as well as observations made on 

chronically exposed fish populations in the wild (Munday et al. 2014; Nagelkerken et al. 2015), 

surprisingly show that some tropical and temperate species have similar behavioural impairments 

to those observed in short-term laboratory experiments.  

At present, quantitative generalisation of OA consequences on fish under different CO2 

projections are still controversial with large uncertainty associated with the small number of 

experiments conducted until recently (Harvey et al. 2013; Kroeker et al. 2013; Wittmann & 

Pörtner 2013; Heuer & Grosell 2014). A more comprehensive picture of fish responses across 

different species characteristics and altered CO2 concentrations is now possible, as research on 

the topic has progressed in the few last years. Indeed, this represents an opportunity to test the 

robustness of the patterns found in previous studies and to highlight more general insights.  

Here I used a mixed-effects meta-analytical approach to investigate the effects of projected CO2 

for 2050-2070, 2100 and beyond under the RCP 8.5 ‘business as usual scenario’ (Meinshausen et 

al. 2011; Pörtner et al. 2014), on several response variables extracted from 71 studies (428 

contrasts) on 47 species, from polar to tropical regions. I classified and analysed potential effects 

of OA according to three broad types of fish responses: (1) the eco-physiological responses (i.e. 

mortality, reproduction, metabolism, growth and calcification); (2) the developmental responses 

of early stages (i.e. embryonic abnormalities, yolk size and hatching time); and (3) the 
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behavioural responses (i.e. effects on fish behaviour and activity levels). Since fish responses to 

OA can vary between ontogenetic stages and species traits, I examined the effects of elevated 

CO2 across different life-stages, physiological types (i.e. stenohaline or euryhaline), climatic 

zones, and habitats (see Appendix S1 for details). Indeed, several studies have documented a 

relation between brain function, behaviour and ecological processes in fish (Nilsson et al. 2012; 

Chivers et al. 2014; Lai et al. 2015), as OA experiments often show fish behavioural changes as 

a consequence of (upstream) neurosensory disruptions (Heuer & Grosell 2014), or may lead to 

altered (downstream) ecological processes (recruitment, predation or competition; Nagelkerken 

& Munday 2016). Therefore, I also assessed to what extent fish behavioural responses under 

elevated CO2 levels were related to neurosensory (i.e. cognition, audition, olfaction, vision, and a 

combination among olfaction and vision) and ecological (i.e., foraging, predation risk and habitat 

choice) categories (see Appendix S1 for details).   

 

Material and Methods 
 

Data collection and selection criteria 

 

I searched for studies testing the effects of altered pCO2 levels on marine teleost fish published 

online or printed through to June 2016 using Google Scholar and ISI Web of Science with the 

combination of the following three keywords: ocean acidification, fish and CO2. I also used the 

reference list of the retrieved papers. In addition, I searched for OA papers in the news stream 

managed by the Ocean Acidification International Coordination Centre (OA-ICC; http://news-

oceanacidification-icc.org). Papers not reporting mean responses, error estimates, and sample 

sizes in at least one control CO2 condition and one elevated CO2 treatment were discarded (in 

few instances, corresponding authors were contacted to obtain missing information).  

http://www.iaea.org/ocean-acidification
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As seawater carbonate chemistry varies regionally and between ecosystems (Hofmann et al. 

2011), control CO2 levels used in the retrieved experiments spanned from 287 to 775 µatm 

pCO2. Therefore, I considered for each study a pCO2 range (ΔpCO2) – expressed as the absolute 

difference between the pCO2 in the elevated and in the control CO2 condition –  that was 

assigned to one of the following three OA projections under a business-as-usual scenario (RCP 

8.5; Meinshausen et al. 2011): (1) moderate pCO2 expected by 2050-2070 (~500-700 µatm; 

ΔpCO2 ≤350 µatm); (2) high pCO2 expected by 2100 (~1000 µatm; ΔpCO2 between 350 and 700 

µatm); and (3) extreme pCO2 expected beyond 2100 (>1300 µatm; ΔpCO2 >700 µatm) (see Fig. 

S1). Studies manipulating carbonate chemistry using acid addition were not considered as do not 

mimic the expected changes in HCO3
- concentrations and dissolved CO2.  

Experiments using both short-term (i.e., ≥4 days exposure for biological and behavioural 

experiments and ≥2 days for development studies) and long-term exposures (up to one year) to 

elevated CO2 concentrations, and a few experiments investigating responses in multiple fish 

species chronically exposed to high CO2 in the wild (e.g. volcanic CO2 seeps) were included in 

tha analyses. I kept multi-species experiments only when data were independently collected. In 

the case of time series, I used only the final data point, except for mortality data, where the first 

time point of a time series was considered in order to maintain a conservative estimate and avoid 

bias of rearing fish in aquaria (e.g. Murray et al. 2014). When a single experiment reported 

several metrics related to the same response (e.g., length and weight to estimate growth) a single 

randomly-chosen metric was selected. For studies designed to assess interactive effects of 

multiple stressors (for instance food availability, oxygen, salinity, and temperature along with 

pCO2) only responses to altered pCO2 were included whilst control levels for the other factors 

were considered. I also included trans-generational acclimation experiments only when parents 

and offspring were reared under the same CO2 conditions. The data on survival were transformed 

to mortality estimates (= 1 – survival). For the calcification, only studies on otolith formation 
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were considered. To assess OA effects on fish metabolism I analysed the resting metabolic rate 

and its proxies (RMR, i.e. oxygen consumption, ventilation and heart rates at resting) and the 

metabolic scope (or aerobic scope - MS, i.e. the difference between maximum and resting 

metabolic rates) separately. I kept this distinct information because an increase of RMR can be 

due to an increase in the energy spent on acid base regulation and ventilation (Perry & Gilmour 

2006) being potentially detrimental as an increase in cost of osmoregulation can shunt away the 

energy from growth (Ishimatsu et al. 2008). By contrast, a reduction in MS results in less energy 

being available for life-history processes, such as growth, energy for foraging activity and 

reproduction (Pörtner & Farrell 2008) and can be due to a reduction in maximum metabolic rate. 

When assessing the fish behavioural response types to OA, I also kept distinct those experiments 

showing behavioural changes (generally reported as reductions of behavioural performances, i.e. 

negative effects) from those experiments exhibiting changes in boldness or activity (which in 

turn often recorded increased effects, i.e. positive effects; but see Hamilton et al. 2014) and split 

these into behaviour and activity, respectively. Importantly, the definitions of positive or 

negative effects (see also effect size calculation) apply to the directionality of each response 

variable separately and may not reflect the fish performance outcome. As an example, in some 

experiments fishes may have exhibited either a behavioural impairment (i.e. a decreasing time 

percentage spent in the home site cue; Devine et al. 2012) or an increased activity (i.e. venturing 

at an increasing distance from a shelter; Munday et al. 2013) under elevated CO2, although both 

types of response could theoretically lead to an increased mortality. 

When available, both metadata and/or raw data were obtained from the Pangaea data repository 

(http://www.pangaea.de). When not available, data were retrieved directly from the text or tables 

or with Data Thief III (B. Tummers, DataThief III 2006; http://datathief.org) to retrieve data 

from figures.  

http://www.pangaea.de/
http://datathief.org/
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For each type of response metrics to the following response variables were assigned: (1) 

mortality, metabolism [resting metabolic rate (RMR) and metabolic scope (MS)], reproduction, 

growth and calcification (for the eco-physiological response type); (2) embryo abnormalities, 

hatching time and yolk size (for the developmental response type of early stages); (3) behaviour 

and activity (for the behavioural response type) (see Appendix S1).  

I assessed how the following categories could mediate the response of fish to OA: (1) fish life 

stage (egg-embryo, larvae, juvenile, or adult), (2) fish physiology (stenohaline or euryhaline), (3) 

climatic zone (polar, temperate, sub-tropical and tropical), and (4) adult habitat (benthic, bentho-

pelagic and pelagic). In addition, behavioural contrasts were also categorised according to 

aspects of (5) the neurosensory system (i.e. cognition, audition, olfaction, vision and 

olfaction+vision, when visual stimuli and olfaction cues were not kept distinct in a given 

experiment) and (6) the ecological processes involved such as foraging (i.e., feeding activity and 

prey detection), predation risk and habitat choice (settlement and homing ability). The hatchling 

stage, instead of the egg-embryo stage, was considered for categorising the behavioural, the 

neuro-sensory and the ecological contrasts. The habitat of eggs (benthic or pelagic) was also 

considered as a category when assessing the specific developmental response type of early 

stages. The assignment of these different categories was made using Fishbase 

(www.fishbase.org) and information available in each paper considered for full analyses.  

Data analysis  

 

A weighted, random-effects meta-analysis was used to quantify the response of fish to OA and 

assess how the studied categories can mediate this response. For each combination of response 

type i, response variable j, category k, category level m and study l, the effect size of the fish 

response to elevated pCO2 levels was calculated as log-ratios (Osenberg et al. 1997; Hedges et 

al. 1999): 

http://www.fishbase.org/
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Where  and    are the mean values of response variable j, in response type i, in 

category k, and category level m from study in the impacted (elevated pCO2) and control pCO2 

conditions, respectively. 

 

The v variance associated with the effect size  Eijklm was calculated as follows: 

 

 

where and are the variances associated with the means   and , 

respectively, where   and are the number of replicates in the impacted (elevated 

pCO2) and control pCO2 conditions, and where i, j, k, m and l are defined as above. All effect 

sizes were weighted, accounting for both the within- and among-study variance components. 

Models were fitted and heterogeneity tests were run to assess how many fish traits (i.e., life 

stage, physiology, climatic zone, habitat, neurosensory system, ecological processes) could 

mediate the response of fish to OA. All analyses were done using metaphor package 

(Viechtbauer 2010) in R (R Core Team 2016).  
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Results 
 

Eco-physiological responses  

 

Overall rising CO2 levels do not appear to have consistent detrimental effects on fish eco-

physiology, as only fish calcification (otolith formation) significantly increased by +8% while 

mortality, metabolism, reproduction and growth seem to be unaffected (Fig. 1a, 2a; see Table 

S1). Examining the effects of different CO2 projections under the RCP 8.5 scenario, only 

extreme pCO2 levels significantly increased both mortality and calcification, by 23% and 12%, 

respectively (Fig. 1a, 2a; see Table S1, S2). However, multiple responses to ocean acidification, 

when different fish traits were considered in our meta-analysis, were identified. 

The effects of rising CO2 levels on fish mortality significantly differed among life stages, 

physiologies and climatic zones (Fig. 1b; see Table S3, Fig. S2). Increased mortality was 

recorded for larvae exposed to high and extreme pCO2 levels; whereas embryos were unaffected 

at the three pCO2 levels considered (Fig. 1b; see Table S3, Fig. S2). Effects of elevated CO2 on 

mortality of stenohaline species were not evident, whereas euryhaline species exhibited lower 

survival both at high and extreme pCO2 (+38% and +35% mortality, respectively; Fig. 1b; see 

Table S3, Fig. S2). Mortality of sub-tropical species exposed to high pCO2 and of temperate 

species exposed to extreme pCO2 increased by 38% and 24% respectively (Fig. 1b; see Table S3, 

Fig. S2). Similarly, mortality of pelagic fish increased by 57% and 46% at high and extreme 

pCO2, whilst benthic species showed mixed responses under the three pCO2 levels considered 

(Fig. 1b; see Table S3, Fig. S2).  

Resting metabolic rate (RMR) increased in adult (+22%) and polar (+56%) fish exposed to high 

pCO2 levels and on temperate species (+15%) exposed to extreme pCO2 levels. By contrast I 

identified reductions in RMR of larvae (-23%), stenohaline (-16%) and sub-tropical (-23%) 

species at extreme pCO2 levels (Fig. 1b; see Fig. S3). By contrast there is a trend suggesting fish 
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metabolic scope and reproduction could be unaffected by different pCO2 levels, no matter the 

different fish traits considered (Fig. 1, 2; see Table S3, Fig. S4, S5).  

 

 

Figure 1 - OA effects on fish eco-physiological responses (mortality, resting metabolic rate and 

metabolic scope). (a) Overall and CO2 dose-dependent responses. Effect sizes (±95% CI) are shown 

for each response variable, overall and for each CO2 projection under a business as usual scenario: 

moderate pCO2 levels expected by 2050-2070, high pCO2 levels expected by 2100, and extreme pCO2 

levels expected beyond 2100. The number of contrasts considered per response is showed in 

parentheses. Asterisk indicates significant difference from zero. (b) Summary of trait-mediated 

responses for each CO2 projection relative to fish mortality, resting metabolic rate and metabolic 

scope. Arrows show the directionality of the responses: “↑” significantly positive; “↓”significantly 

negative; “↔” null; “x” not applicable. See also Figures S2-S4 for full results.  
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Growth of larvae significantly decreased by 6% at high pCO2, whereas no effects were observed 

at moderate and extreme pCO2 (Fig. 2b; see Table S3, Fig. S6). This neutrality in responses was 

also apparent on growth of embryos and juvenile (Fig. 2b; see Table S3, Fig. S6). The effects of 

different pCO2 levels on growth varied among climatic zones, with sub-tropical species showing 

significant decreases in growth when exposed at high and extreme CO2 conditions (-13% and -

7%, respectively; Fig. 2b; see Table S3, Fig. S6). Growth of pelagic species significantly 

decreased by 12% at high pCO2 conditions, whereas benthic and bentho-pelagic fish were 

neutrally affected by altered CO2 (Fig. 2b; see Table S3, Fig. S6). 

Calcification (otolith formation) responses to ocean acidification differed between fish life 

stages, physiologies, climatic zones, and habitats (Fig. 2b; see Table S3). CO2 conditions 

expected beyond 2100 significantly increased calcification of fish larvae (+12%), and of 

stenohaline (+23%), sub-tropical (26%), benthic and bentho-pelagic species (17% and 14%, 

respectively) (Fig. 2b; see Table S3, Fig. S7).  
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Figure 2 - OA effects on fish eco-physiological responses (reproduction, growth and calcification). a)  

Overall and CO2 dose-dependent responses. Effect sizes (±95% CI) are shown for each response 

variable, overall and for each CO2 projection under a business as usual scenario: moderate pCO2 

levels expected by 2050-2070, high pCO2 levels expected by 2100, and extreme pCO2 levels expected 

beyond 2100. The number of contrasts considered per response is showed in parentheses. Asterisk 

indicates significant difference from zero. b) Summary of trait-mediated responses for each CO2 

projection relative to fish reproduction, growth, and calcification. Arrows show the directionality of 

the responses: “↑” significantly positive; “↓”significantly negative; “↔” null; “x” not applicable. 

See also Figures S5-S7 for full results. 
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Developmental response of early stages  

 

When examining OA effects on fish development, an overall significant decrease in yolk size 

was evident, whereas no effects were detected on hatching time and embryonic abnormalities 

(Fig. 3a; see Table S1). High and extreme pCO2 levels had negative effect on yolk size in 

stenohaline fish (-6% and -12% decreased yolk size, respectively), and in offspring belonging to 

benthic adults (-7% and -28%, respectively; Fig. 3b; see Table S3, Fig. S8). Fish with benthic 

and pelagic eggs showed decreased yolk size at high and extreme CO2 concentrations, 

respectively (Fig. 3b; see Table S3, Fig. S8). OA effects are still too understudied to evaluate a 

clear pattern of response on hatching time and embryonic abnormalities (Fig. 3b; see Fig. S9, 

S10). 

 

Behavioural responses 

 

Overall, OA significantly affected behaviour (-56%) and activity (+76%) of fish (Fig. 4a, Table 

S1) and such responses did vary among pCO2 levels (Fig. 4a, see Table S2). CO2 concentrations 

expected by 2050-2070 decreased by 46% the behavioural performances of fish and increased 

their activity levels by 150% on average (Fig. 4a, see Table S2). Behavioural reductions (-64%) 

were observed at high CO2 levels, whilst no significant effects were evident at extreme CO2 

concentrations and on the activity of fish exposed to high and extreme pCO2 levels (Fig. 4a, see 

Table S2), although in these cases the number of available contrasts were considerably lower.  

Larvae and juveniles were the most sensitive life stages as reductions in behavioural 

performances appeared at moderate and high pCO2 exposures (Fig. 4b; see Table S4, Fig. S11). 

When considering different climatic zones, tropical species were the most affected by altered 

pCO2 levels, showing significant negative effects even at near future CO2 concentrations (Fig. 

4b; see Table S4, Fig. S11). No effects were detected for temperate species, but again the 
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number of studies was still too low to detect a clear pattern of response (Fig. 4b; see Table S4, 

Fig. S11). A significant 1.5-fold increase in juvenile activity (boldness) was recorded at 

moderate pCO2 levels, whilst neutral effects were recorded for the other life stages at all pCO2 

projections (Fig. 4b; see Table S4, Fig. S12). Almost all the experiments testing fish behaviour 

were conducted on stenohaline species that exhibited behavioural reductions when exposed at 

moderate and high pCO2 levels, and increased activity at CO2 concentrations expected by 2050-

2070 (Fig. 4b; see Table S4, Fig. S11-S12). 

Significant reductions of the fish behaviour resulted from impaired olfaction, with on average 

40% and 73% decreases at moderate and high pCO2 levels, respectively (Fig. 5a; see Table S4). 

Fish behaviour was unaffected in experiments involving cognition and vision (Fig. 5a; see Table 

S4),  whereas fish simultaneously exposed to visual and olfactory stimuli showed a decreased 

behavioural performance at moderate pCO2 (Fig. 5a; see Table S4).  The observed fish 

behavioural impairments resulted in higher predation risk at moderate (by 56% on average) and 

at high (by 77%) pCO2 levels. Feeding activity and detection of preys (i.e., the foraging activity 

of fishes) also decreased by 60% at high pCO2 levels (Fig. 5b; see Table S4).      
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Figure 3 - OA effects on fish development (yolk, hatching time and embryonic abnormalities). (a) 

Overall and CO2 dose-dependent responses. Effect sizes (±95% CI) are shown for each response 

variable, overall and for each CO2 projection under a business as usual scenario: moderate pCO2 

levels expected by 2050-2070, high pCO2 levels expected by 2100, and extreme pCO2 levels expected 

beyond 2100. The number of contrasts considered per response is showed in parentheses and asterisk 

indicates significant difference from zero. (b) Summary of trait-mediated responses for each CO2 

projection relative to yolk, hatching time and embryonic abnormalities. Arrows show the directionality 

of the responses: “↑” significantly positive; “↓”significantly negative; “↔” null; “x” not applicable. 

See also Figures S8-S10 for full results. 
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Figure 4 - Effects of OA on behavioural responses (behaviour and activity) of fish. (a) Overall and 

CO2-dose dependent effects of OA on fish behaviour. Effect sizes (±95% CI) are shown for each 

response variable, overall and for each CO2 projection under a business as usual scenario: moderate 

pCO2 levels expected by 2050-2070, high pCO2 levels expected by 2100, and extreme pCO2 levels 

expected beyond 2100. The number of contrasts considered per response is showed in parentheses and 

asterisk indicates significant difference from zero. (b) Summary of trait-mediated responses for each 

CO2 projection relative to behaviour and activity. Arrows show the directionality of the responses: 

“↑” significantly positive; “↓”significantly negative; “↔” null; “x” not applicable. See also Figures 

S11-S12 for full results. 
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Figure 5 - Links between fish neurosensory, behaviour and ecological processes. (a) Neurosensory 

mediated responses of fish to OA in behavioural experiments. (b) Behavioural effects on ecological 

processes (foraging, habitat choice and predation risk). Effect sizes (±95% CI) are shown for each 

response variable, overall and for each CO2 projection under a business as usual scenario: moderate 

pCO2 levels expected by 2050-2070, high pCO2 levels expected by 2100, and extreme pCO2 levels 

expected beyond 2100. The number of contrasts considered per response is showed in parentheses. 

Asterisk indicates significant differences from zero. 

 

Discussion 
 

The present meta-analysis is the first to examine the effect of rising CO2 concentrations on eco-

physiological, developmental and behavioural responses of marine fish from polar to tropical 

regions. Here I show that, if anthropogenic CO2 emissions continue to rise unchecked, 
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significant effects of elevated CO2 levels on fish mortality, calcification (otolith formation), 

behaviour and activity (boldness) are expected to occur in the next decades. At the same time 

more subtle consequences of OA on embryonic development and growth of fish could occur. 

Importantly, In addition to this multiple fish responses to OA can be mediated by different traits. 

For instance, larvae and juvenile fish could be the most OA sensitive fish life stages, as 

behavioural disruptions and increased activity are predicted to occur at pCO2 levels expected in 

the next few decades, particularly for tropical species. Polar species could detrimentally increase 

their resting metabolic rate under CO2 levels expected by 2100.   

Very recently, there has been a clear call for addressing the important effects of species traits 

when making predictions about the impacts of environmental change (e.g. Estrada et al. 2016). 

My work meets this call and sharpens the focus to fish. Previous meta-analyses did not take into 

account different fish traits and life stages instead focussing on a small amount of experiments 

available at that time (Harvey et al. 2013; Kroeker et al. 2013) or overestimated the overall 

sensitivity of fish to OA by pooling different biological and behavioural response variables 

together (Wittmann & Pörtner 2013). New insights are gained from our findings by including the 

increasing number of studies published in recent years and the responses of fish to different CO2 

projections. This also allowed our analyses to have more power and to identify a range of trait-

based variations in fish sensitivity to high CO2, with eco-physiological, developmental and 

behavioural responses varying among fish ontogenetic phases and species characteristics. For 

instance, it has previously been argued that fish studies are biased by the high number of 

experiments carried out on tropical species (Wittmann & Pörtner 2013), therefore suggesting that 

responses were predominantly focussed towards species with short life cycles, which are typical 

of this climate zone (Leis & McCormick 2002). By analyzing the body of literature through to 

June 2016 and including additional 215 contrasts on 27 non-tropical species, here I was able to 

provide a clearer picture and show that under a business-as-usual scenario (RCP 8.5; 
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Meinshausen et al. 2011) fish responses to elevated CO2 levels may vary according to different 

fish characteristics and traits. In this regard I did not find any specific fish characteristics which 

could potentially confer tolerance to elevated CO2 to fish. 

 

OA effects on marine fish are mediated by their life history traits and characteristics 

 

Eco-physiological responses of fishes might vary with different CO2 levels under the RCP 8.5 

scenario, with significant increased mortality and calcification at CO2 conditions expected 

beyond this century. No altered responses of fish to elevated pCO2 levels were evident on overall 

fish growth, metabolism, reproduction, and early development. The ability to defend intracellular 

and extracellular pH, by acid-base and ion regulation, determines the sensitivity of marine 

organisms to ocean acidification (Pörtner et al. 2004; Fabry et al. 2008; Rodolfo-Metalpa et al. 

2011; Heuer & Grosell 2014). Early studies suggested that fishes would exhibit a high tolerance 

to OA because juvenile and adults have well-developed systems to maintain their acid base 

balance (Ishimatsu et al. 2008). More recently it was suggested that under elevated CO2 

conditions, any ATP-demanding compensation activities for acid-base balance and enhanced 

transport of ions may incur elevated energetic costs, potentially leading to fitness-related subtle 

consequences for survival, growth, development and metabolic rate in marine fish (Sokolova 

2013; Heuer & Grosell 2014).  

My analyses documented varying responses when examining specific fish traits. These are 

important results as in addition to identify the direction and quantify the magnitude of these 

responses, If fish traits are not taken into account, consequences of ocean acidification on marine 

animals might not be detected as species-specific responses could be antagonistic. Mortality of 

fish larvae is expected to increase under high (~1000 µatm pCO2) and extreme (>1300 µatm 

pCO2) CO2 conditions, larval growth could decrease by 2100, while their calcification (otolith 
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formation) is expected to increase at CO2 levels beyond this century. The observed higher 

sensitivity to elevated pCO2 levels for early life stages of fish has been linked to their high 

volume/surface ratio affecting diffusive processes and to their acid-base balance system not 

being fully developed, with ionic exchanges occurring across the skin of larvae and the yolk of 

embryos until their gills can develop (Munday et al. 2009a; Baumann et al. 2012; Hurst et al. 

2013). 

Indeed, mortality at individual level affects population dynamics (Munday et al. 2010) that in 

turn can extend responses at higher community- and ecosystem-levels (Nagelkerken & Connell 

2015). Since I only included experiments testing for the direct effects of CO2 on fish mortality, 

the increased mortality of larvae recorded may be a conservative estimate, as more subtle effects 

can also occur leading to even higher mortality rates. As an example, larval growth was 

significantly reduced at CO2 levels expected by the end of this century, and smaller larvae may 

exhibit a lower performance and survival in the wild as a result of their reduced swimming 

ability and less efficient predator avoidance (e.g. Miller et al. 1988).  

Heavily calcifying organisms like molluscs, echinoderms and corals are considered to be the 

most threatened marine taxa under OA (Kroeker et al. 2013; Wittmann & Pörtner 2013). Fish are 

not considered calcifying organisms despite producing calcium carbonate in the inner ear for 

otolith formation or precipitating CaCO3 in the intestinal lumen to reduce osmotic pressure, 

release calcium ions excess in the environment and thus facilitate water absorption (Heuer & 

Grosell 2014). Here a significant increase in the size of otoliths was found in larvae exposed to 

extreme pCO2 levels expected to occur beyond the end of this century. Similarly, otolith 

calcification in both benthic and bentho-pelagic species could also increase at pCO2 levels 

expected beyond 2100. Recent studies shed light on the potential mechanisms involved in 

increased otolith formation under OA. Rising dissolved CO2 concentrations cause an increase of 

HCO3
- levels in the fish plasma (used to compensate pH), while plasma pCO2 levels remains 
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elevated. It appears that plasma HCO3
- import in the alkaline endolymph and the hydration of 

CO2 in the saccular epithelium lead to increased HCO3
- and hence to increased otolith size when 

fish are exposed to elevated CO2 levels in their environment (Heuer & Grosell 2014). However, 

responses seem to be species-specific. It is presently unknown whether larger otoliths may lower 

the ability of sound detection and the survival of fish in the wild, although we know that 

asymmetry between otoliths can be detrimental (Gagliano et al. 2008).  

Despite the lack of effects of high CO2 on the metabolism of juvenile fish, adults experimentally 

exposed to high pCO2 levels significantly increased their metabolism at rest. When considering 

other specific fish characteristics (e.g. fish physiologies and climate zones), stenohaline fish and 

sub-tropical species decreased their resting metabolic rates at CO2 levels expected beyond 2100, 

whilst the rates of polar species increased at pCO2 levels expected by 2100. At present, some 

studies suggest that temperature effects lead to higher costs for pH regulation in cold-adapted 

eurytherms compared to polar stenotherms (Pörtner 2004). However, existing knowledge on OA 

effects on the metabolism of cold environment fish species is scant. Although an increase in 

RMR may be expected to result in a decrease in metabolic scope, our results show that MS is not 

affected by elevated CO2. This apparent contradiction could be due to either (1) a compensatory 

increase in maximum metabolic rate or (2) the fact that the number of studies on MS is much 

smaller than that for RMR and therefore the analysis for MS is less robust. A recent meta-

analysis on warming and acidification effects on metabolism of marine organisms showed no 

effects of altered pCO2 levels on resting metabolic rate and metabolic scope of teleost fish, 

highlighting high variability on the metabolic responses of adult fish (Lefevre 2016). Earlier 

studies hypothesised that exposure to high pCO2 levels could lead to increased fish resting 

metabolism due to the costs associated with internal CO2 balance, however mixed responses 

were found, with some studies confirming this assumption on tropical (Munday et al. 2009b; 

Couturier et al. 2013; Ferrari et al. 2015) and non-tropical species (Esbaugh et al. 2016; Flynn et 
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al. 2015), whereas other studies revealing decreased resting metabolic rate after prolonged CO2 

exposure (Rummer et al. 2013; Pimentel et al. 2014). Our findings confirm that metabolic 

responses are species-specific and that further research on the effects of elevated CO2 on fish 

metabolism is therefore needed (Lefevre 2016). Similarly, fish reproduction – indeed an 

energetically costly process – was unaffected by altered CO2 levels, no matter which specific fish 

traits were considered. In this latter case, there were too few experiments to draw a clear picture 

of the effect of rising CO2 on fish reproduction. In this regard, work on OA effects on fish 

reproduction per se should be a priority given its importance for population replenishment.  

Marine habitats with different salinities also vary greatly in pCO2 and thus euryhaline species – 

e.g. those fish having the ability to effectively osmoregulate across a broad range of salinities – 

are likely to experience highly variable pCO2 environments during their life cycle. This suggests 

these organisms (i.e. marine-brackish fish) can be pre-adapted to OA conditions. Contrary to 

what I expected, I found a significantly higher mortality of euryhaline fish exposed to CO2 

concentrations expected by 2100 and beyond. Mortality of stenohaline fish (which in turn cannot 

tolerate a broad range of salinities) was unaffected by OA but these fish showed increased 

calcification rates (otolith formation) at extreme pCO2 levels. To date, the impact of OA on fish 

osmoregulation at ecologically relevant pCO2 conditions is critically understudied (Heuer & 

Grosell 2014). 

Overall, no effects of elevated pCO2 levels on developmental time and embryonic abnormalities, 

whereas a negative effect on yolk size were detected. A decreased yolk size after exposure to 

elevated pCO2 levels was observed also for early developmental stages of benthic and bentho-

pelagic species, but not for pelagic ones. In a similar manner, as proposed for stenohaline and 

euryhaline fish, some authors have hypothesised that embryos and larvae of pelagic spawning 

fish, that likely experience lower and more stable CO2 conditions in the open ocean (Hofmann et 

al. 2011), might be more susceptible to CO2 increases compared to the offspring of fish laying 
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eggs in the benthic environment, which might be better adapted to natural CO2 fluctuations due 

to the alternation of photosynthetic and respiration processes by primary producers (Hofmann et 

al. 2011; Munday et al. 2011). Interestingly, when categorising yolk size responses according to 

the habitat of eggs, negative (i.e. decreased yolk size) responses have been noted during 

development at extreme pCO2 levels both in benthic and pelagic spawning fish. It is known that 

through maternal provisioning females may adjust eggs characteristics (e.g. offspring yolk size) 

to environmental conditions (Chambers 1997) and that yolk consumption is affected by elevated 

CO2 conditions during the embryonic development (Chambers et al. 2014). Since only data from 

treatments that reared parents and offspring under the same CO2 conditions were included, I was 

not able to disentangle if CO2 differentially affects these processes in benthic and pelagic 

spawning fish.  

The present analyses confirm that OA could strongly influence the behaviour of tropical fish, 

particularly that of larvae and juveniles. Indeed these responses were rather consistent at 

environmentally relevant pCO2 levels expected by the end of this century. Importantly, the 

observed behavioural impairments were due to alterations of a range of different neurosensory 

functions. Olfaction was the most sensitive sensory function affecting fish behaviour even at 

pCO2 levels expected in the next few decades. At the same time, in many experiments fish reared 

in elevated CO2 conditions were bolder, displaying up to 1.5-fold increase in their activity rates 

(e.g. less time spent in a shelter, or increased distance ventured) and therefore increased 

vulnerability to predators (e.g. Munday et al. 2010).  

As the first response of animals to environmental change occurs through behavioural 

modifications, the downstream consequences of the observed behavioural and activity 

impairments (particularly on larvae and juvenile fish) are expected to lower fish ecological 

performance (e.g. predator-prey dynamics, recruitment success, settlement, homing and habitat 

choice) and hence to affect the outcomes at a community level (Nagerkelen & Munday 2016). 
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Consistently, these quantitative findings indicate that the behavioural disruptions I identified 

could result in a higher predation risk and a lowered foraging activity, which in turn may lead to 

increased mortality and decreased growth, therefore decreasing the ability of a species to persist 

in a given community. Unexpectedly the settlement and homing ability (i.e., habitat choice) of 

fish was not affected by rising CO2 levels.  

Certain effects, such as an increase in fish activity (boldness) and a decrease in fish 

lateralization, do not have an immediate bearing on ecological “fitness”, because in nature they 

represent a trade off in which for example bold individuals can find food faster (Mamuneas et al. 

2015) but are more exposed to predation (Ward et al. 2004) than shy individuals. Similarly, 

although a high degree of lateralization has been considered an advantage in terms of 

multitasking (escaping from predators and schooling; Bisazza & Dadda 2005; Dadda & Bisazza 

2006; Dadda et al. 2010, Domenici et al. 2012), it was suggested to represent a trade off with the 

ability to deal equally well with stimuli of threats from all directions (Vallortigara & Rogers 

2005). In these cases, the effect of elevated CO2 may be detrimental for fish because it alters the 

balance within the continuum of bold vs. shy and lateralized vs. non-lateralized individuals, with 

potential ecological consequences at population level (Sih et al. 2012). 

Conclusions 
 

In summary, this study show that rising CO2 levels do not appear to have a consistently negative 

effect overall on fish eco-physiology and development, while behaviour could be strongly 

affected in the next few decades. I suggest some effects (e.g. those on growth, calcification and 

metabolism) maybe be subtle. Importantly, fish life-history traits seem to be crucial in mediating 

such responses, despite no specific characteristics potentially confering fish tolerance to elevated 

CO2 were found. Many explanations for documented eco-physiological and behavioural 

responses of marine fish to elevated CO2 rely on changes expected to occur in fish brain function 
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(Nilsson et al. 2012) and acid-base compensation (Heuer & Grosell 2014). Likely, effects on fish 

will be stronger where ocean acidification, warming, and hypoxia regionally coexist, indicating 

that studies focussing on an individual environmental drivers of change maybe conservative. 

However, some level of uncertainty remains over the long-term persistence of the observed 

effects on fish. Given the importance of marine fish for livelihoods in coastal communities, for 

ecosystem stability and food webs, it is fundamental to slow down current rates of CO2 

emissions and deviate from the expected scenarios to mitigate OA effects on fish. 
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Table S1 - Heterogeneity (QT) in overall analyses on eco-physiological, developmental and behavioural 

response types of fishes. Developmental response variables of fish early stages are in italics. Significant 

effects are in bold. 
Response types Response variables QT df p-value 

Eco-physiological 

and 

developmental  

Mortality 1976.7810 55 < 0.001 

Reproduction 251.5526 13 < 0.001 

Metabolism (RMR) 365.3897 35 < 0.001 

Metabolism (MS) 43.7240 11 < 0.001 

Growth 3954.9249 102 < 0.001 

Calcification 185.6426 22 < 0.001 

Yolk 106.8470 20 < 0.001 

Hatching time 49.6122 3 < 0.001 

Embryonic 

abnormalities 80.7020 8 < 0.001 

Behavioural  Behaviour 211660.27 109 < 0.001 

 Activity (boldness) 899.8846 39 < 0.001 
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Table S2 - Variation explained by CO2 ranges in categorical random effects meta-analyses on eco-

physiological, developmental and behavioural response types of fishes. Developmental response variables of 

fish early stages are in italics. Significant effects are in bold. 
Resp. 

types 

Resp. 

variables QE 

p-

value QM df 

p-

value 

E
co

-p
h
y

si
o

lo
g

ic
al

 a
n

d
  

d
ev

el
o

p
m

en
ta

l 
 

Mortality 1567.9768 < 0.001 4.511 53,2 0.1048 

Metabolism 

(RMR) 

143.2287 < 0.001 1.3623 11,2 0.506 

Metabolism 

(MS) 

43.4221 < 0.001 0.1945 9,2 0.9073 

Reproductio

n 

353.4482 < 0.001 5.0243 33,2 0.0811 

Growth 

2563.3239 < 0.001 3.6911 100,

2 

0.1579 

Calcification 164.7446 < 0.001 4.7831 20,2 0.0915 

Yolk  60.0643 < 0.001 0.7312 18,2 0.6938 

Embryonic 

abnormalitie

s 

 

80.6617 

 

< 0.001 

 

2.5336 

 

7,2 

 

0.2817 

B
eh

av
io

u
ra

l 
 

Behaviour 

 

83365.965

4 

 

< 0.001 

 

2.9527 

 

107,

2 

 

0.2285 

Activity 

(boldness) 

 

709.2894 

 

< 0.001 

 

7.1936 

 

37,2 

 

0.0274 
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Table S3 - Variation explained by different categories crossed with CO2 ranges within eco-physiological 

and developmental response types of fishes in categorical random effects meta-analysis. Developmental 

response variables of fish early stages are in italics. Significant effects are in bold. 

Response 

variables Categories QE 

p-

value QM df p-value 

M
o

rt
al

it
y
 

Life stage 1454.866 < 0.001 12.451

9 

50,5 0.0291 

Physiology 1263.3218 < 0.001 16.450

4 

50,5 0.0057 

Climatic zone 1318.1998 < 0.001 12.445

1 

47,10 0.2564 

Habitat 1208.813 < 0.001 39.086

1 

38,8 < 0.001 

M
et

ab
o
li

sm
 

(R
M

R
) 

Life stage 85.9452 < 0.001 1.5375 9,4 0.82 

Physiology 84.0102 < 0.001 2.8127 10,3 0.4214 

Climatic zone 84.0102 < 0.001 2.8127 10,3 0.4214 

Life stage 42.9503 < 0.001 1.9218 8,3 0.5888 

M
et

ab
o
li

sm
 

(M
S

) 

Physiology 43.2724 < 0.001 0.2475 8,3 0.9696 

Climatic zone 39.9432 < 0.001 0.5998 7,4 0.9631 

Habitat 43.1994 < 0.001 0.163 8,3 0.9833 

Life stage 170.4979 < 0.001 17.18 28,7 0.0163 

R
ep

ro
d

u
ct

io
n
 

 

Physiology 

 

197.675 

 

< 0.001 

 

14.645

2 

 

31,4 

 

0.0055 

 

Climatic zone 

 

84.9378 

 

< 0.001 

 

59.682

4 

 

26,9 

 

< 0.001 

G
ro

w
th

 

Habitat 278.8186 < 0.001 5.4854 28,7 0.6009 

Life stage 2495.8577 < 0.001 11.294

3 

94,8 0.1856 

Physiology 2130.4086 < 0.001 4.0015 97,6 0.5492 

Climatic zone 2209.442 < 0.001 38.615

9 

91,11 < 0.001 

C
al

ci
fi

ca
ti

o
n
 

Habitat 1947.7899 < 0.001 24.242
6 

94,8 0.0021 

Life stage 164.1401 < 0.001 4.78 18,4 0.3106 

Physiology 85.1036 < 0.001 22.353

8 

18,4 0.0002 

Climatic zone 69.7236 < 0.001 26.774 16,6 0.0002 

Y
o

lk
 

Habitat 124.2765 < 0.001 6.3135 18,4 0.1769 

Life stage 58.949 < 0.001 0.9637 16,4 0.9152 

Physiology 44.8362 < 0.001 14.348
2 

15,5 0.0135 

Climatic zone 53.7029 < 0.001 3.9014 13,7 0.7911 
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Eggs habitat 45.0915 < 0.001 12.859

4 

15,5 0.0247 

H
a

tc
h
in

g
 

ti
m

e 
Habitat 38.0664 0.0005 19.67 14,6 0.0032 

Physiology 49.6116 < 0.001 0.4558 2,1 0.4996 

Climatic zone 4.2614 0.1188 9.6473 2,1 0.0019 

E
m

b
ry

o
n

ic
 

a
b
n
o

rm
a
li

ti
es

 

Habitat 4.2311 0.0397 5.6146 1,2 0.0604 

Physiology 79.6024 < 0.001 2.6494 7,1 0.1036 

Climatic zone 68.6939 < 0.001 0.834 7,1 0.3611 

Habitat 59.063 < 0.001 7.6501 6,2 0.0218 

 

 

 

 

 

 

Table S4 - Variation explained by different categories crossed with CO2 ranges within the behavioural 

response type of fishes in categorical random effects meta-analysis. Significant effects are in bold. 
Response 

variables Categories QE 

p-

value QM df 

p-

value 

Behaviour 

Neurosensory 82920.765 < 0.001 16.7558 91,11 0.1153 

Ecological 82922.725 < 0.001 11.0247 90,6 0.0876 

Life stage 4340.262 < 0.001 9.7487 100,9 0.3712 

Physiology 83338.420 < 0.001 2.9068 105,4 0.5735 

Climatic zone  83365.951 < 0.001 3.3349 105,4 0.5034 

Adult habitat 83335.164 < 0.001 3.7249 105,4 0.4445 

Activity 

(boldness) 

Life stage 596.528 < 0.001 8.5145 31,8 0.3849 

Physiology 521.2673 < 0.001 7.305 35,4 0.1206 

Climatic zone  548.3034 < 0.001 9.9304 33,6 0.1276 

Adult habitat 532.7449 < 0.001 7.1545 34,5 0.2094 
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Figure S1 – Number of contrasts considered in the present study to assess eco-physiological, 

developmental and behavioural responses of marine fishes to different elevated CO2 conditions. The 

three pCO2 ranges considered for the meta-analyses (i.e. moderate, high and extreme pCO2) are 

reported and represent the difference between the pCO2 value used in the elevated CO2 treatment and 

that in the control CO2 condition. Note that I referred to the notion of control condition reported in 

each paper. Control conditions are not reported in this graph and varied from 287 to 775 µatm pCO2. 
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Figure S2 – Trait mediated effects of OA on mortality of fish at different pCO2 levels. Effect sizes 

(±95% CI) are shown for each category level and at each CO2 projection under a business as usual 

scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates significant 

difference from zero.  
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Figure S3 - Trait mediated effects of OA on resting metabolic rate of fish at different pCO2 levels. 

Effect sizes (±95% CI) are shown for each category level and at each CO2 projection under a business 

as usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero.  
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Figure S4 – Trait mediated effects of OA on metabolic scope of fish at different pCO2 levels. Effect 

sizes (±95% CI) are shown for each category level and at each CO2 projection under a business as 

usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero.  
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Figure S5 – Trait mediated effects of OA on reproduction of fish at different pCO2 levels. Effect sizes 

(±95% CI) are shown for each category level and at each CO2 projection under a business as usual 

scenario. The number of contrasts considered is showed in parentheses.  
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Figure S6 - Trait mediated effects of OA on growth of fish at different pCO2 levels. Effect sizes (±95% 

CI) are shown for each category level and at each CO2 projection under a business as usual scenario. 

The number of contrasts considered is showed in parentheses. Asterisk indicates significant difference 

from zero.  
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Figure S7 –Trait mediated effects of OA on calcification (otolith formation) of fish at different pCO2 

levels. Effect sizes (±95% CI) are shown for each category level and at each CO2 projection under a 

business as usual scenario. The number of contrasts considered is showed in parentheses. Asterisk 

indicates significant difference from zero.  
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Figure S8 –Trait mediated effects of OA on yolk size of fish early stages at different pCO2 levels. Effect 

sizes (±95% CI) are shown for each category level and at each CO2 projection under a business as 

usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero.  
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Figure S9 –Trait mediated effects of OA on hatching time of fish embryos at different pCO2 levels. 

Effect sizes (±95% CI) are shown for each category level and at each CO2 projection under a business 

as usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero.  
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Figure S10 –Trait mediated effects of OA on embryonic abnormalities of fish at different pCO2 levels. 

Effect sizes (±95% CI) are shown for each category level and at each CO2 projection under a business 

as usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero. 
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Figure S11 –Trait mediated effects of OA on fish behaviour at different pCO2 levels. Effect sizes 

(±95% CI) are shown for each category level and at each CO2 projection under a business as usual 

scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates significant 

difference from zero.  
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Figure S12 - Trait mediated effects of OA on fish activity (boldness) at different pCO2 levels. Effect 

sizes (±95% CI) are shown for each category level and at each CO2 projection under a business as 

usual scenario. The number of contrasts considered is showed in parentheses. Asterisk indicates 

significant difference from zero.  
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Chapter 3 - Ocean acidification affects fish spawning but 

not paternity at CO2 seeps 
 

 

 

 

Introduction 
 

Ongoing ocean acidification is an inevitable consequence of continued atmospheric CO2 

emissions and is expected to have profound effects on marine biodiversity and ecosystem 

function (Wittman & Pörtner 2013). Coping with the physiological stress of ocean acidification 

has metabolic costs that can impair reproduction in a range of marine organisms, including fish 

(Miller et al. 2013; Heuer & Grosell 2014). Elevated CO2 also causes striking behavioural and 

sensory disruptions in fish, involving loss of lateralization and of learning ability, reversal of 

olfactory and auditory functions, and impaired decision-making (Munday et al. 2009, 2010; 

Dixson et al. 2010; Simpson et al. 2011; Domenici et al. 2012). This neurosensory impairment 

may have consequences on marine communities as increased levels of CO2 can cause juvenile 

fish to be attracted by predator odors they would normally avoid (Munday et al. 2010) or by 

sounds of unfavorable habitats for settlement (Simpson et al. 2011). These effects can be rapidly 

reversed by reducing GABA-A receptor activity (Domenici et al. 2012), highlighting a link 

between increasing seawater CO2 levels and brain function in fish (Nilsson et al. 2012).  

Successful reproduction will be essential for the persistence of marine populations as seawater 

CO2 levels continue to rise (Sunday et al. 2014). When cinnamon anemone fish (Amphiprion 

melanopus) parents are exposed to high-CO2 conditions their offspring do not show behavioural 

impairment, however their potential for behavioural acclimation across generations is not fully 

restored, as in many instances their escape performance is negatively affected (Allan et al. 2014). 

Similarly, other studies showed minimal potential for transgenerational acclimation in the 

tropical damselfish Acanthochromis polyacanthus (Welch et al. 2014) and in several other 
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tropical fish chronically exposed to elevated CO2 at volcanic seeps (Munday et al. 2014). In 

aquaria, simulated ocean acidification increases the reproductive output of females (e.g., egg 

production) in some fish (Miller et al. 2013; Schade et al. 2014) but not others (Forsgren et al. 

2013). Intense sperm competition has resulted in male behavioural adaptations that may be 

affected by rising CO2 levels. At present, mating system structure and reproductive behaviour are 

critically understudied in relation to the effects of high CO2 on fish and other marine organisms 

(Nagerlkerken and Munday 2016). Given the complex sexual behaviour of many fish in the wild, 

there are concerns that mating behaviour and reproductive success might be affected by ongoing 

rising CO2 levels. The present study is the first to investigate this issue in fish exposed to high 

CO2 levels in their natural habitat. 

In this study, I used a gradient in CO2 near volcanic seeps off Vulcano Island (Italy) (Boatta et 

al. 2013) to examine mating behaviour and fertilization success of the ocellated wrasse S. 

ocellatus (Fig. 1). Ocellated wrasse ‘dominant males’ build nests and provide parental care to 

eggs, attract females for pair spawning, chase off sexual competitors (‘satellite’ and ‘sneaker’ 

males; Taborsky et al. 1987), and sometimes refuse to mate when other males are prevalent 

(Alonzo & Warner 2000a). Satellite males cooperate with dominant males to attract females and 

drive away sneakers, but they also engage in sneak fertilization of the eggs (Alonzo & Heckman 

2010; Stiver & Alonzo 2013). Sneaker males, which release more sperm per spawn than 

dominant nesting males or satellites, do not cooperate or care and only attempt to sneak spawn 

(Alonzo & Warner 2000a). Thus, high levels of sperm competition occur in the wild (Alonzo & 

Heckman 2010). I filmed multiple wrasse nests at present-day Ambient-CO2 conditions ( ̴ 400 

µatm pCO2) and High-CO2 conditions ( ̴ 1100 µatm pCO2; Table S1) (Meinshausen et al. 2011), 

recording the number of male competitors and females visiting each nest (i.e. nest composition), 

assessing dominant males courtship, nest defense against male competitors and spawning 

disruptions. I counted the number of pair-spawns (involving one dominant male with a female) 
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and sneak-spawns (involving accessory males). To assess male fertilization success fin clips and 

embryos from nests exposed to Ambient and High-CO2 levels were genotyped for paternity tests. 

Finally, to examine potential population differences in fish response I compared nest 

composition, mating behaviour, and spawning at nesting sites exposed to present-day Ambient-

CO2 conditions at Vulcano Island with those at Cala Isola, more than 150 km away (see 

Materials and Methods). 

Given that ocean acidification may affect reproduction, cause sensorial disruptions and impair 

decision-making in fish, my hypotheses were that elevated CO2 levels would affect ocellated 

wrasse reproductive behaviour, reducing dominant male pair spawns and their fertilization 

success due to increased sperm competition by accessory males. 

 

Figure 1 - A dominant male ocellated wrasse ready to spawn with the female in a nest off Vulcano 

Island. 
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Materials and Methods  
 

Carbonate chemistry at study sites 

 

Seawater carbonate chemistry was characterized daily on several visits at two nesting sites off 

Vulcano Island in 2012 (n=11) and 2013 (n=12) and at Cala Isola in 2012 (n=14) (see Table S1 

for details). A 556 MPS YSI (Yellow Springs, USA) multiparametric probe was used to measure 

salinity, pH and temperature (°C). The sensor was calibrated using NBS scale standard buffers 

and then soaked in seawater for one hour. For each site, average pH was calculated from 

hydrogen ion concentrations before reconverting back to pH values. Water samples for total 

alkalinity (TA) were filtered through 0.2µm pore size filters, poisoned with 0.05 ml of 50% 

HgCl2 to avoid biological alteration, and then stored in the dark at 4° C. Three replicates were 

analyzed at 25° C using a titration system (Mettler Toledo, Inc.). The pH was measured at 0.02 

ml increments of 0.1 N HCl. Total alkalinity was calculated from the Gran function applied to 

pH variations from 4.2 to 3.0, from the slope of the curve HCl volume versus pH. Total 

alkalinity measurements were corrected using standards provided by A.G. Dickson (batch 99 and 

102). The pCO2 levels were calculated from pHNBS, TA, temperature and salinity with the free-

access CO2 SYS package (Pierrot & Wallace 2006), using the constants of Roy et al. (1993) and 

Dickson (1990). 

 

Study species and mating behaviour 

 

Symphodus ocellatus is a widespread wrasse in the rocky subtidal of the Mediterranean Sea with 

an annual breeding season lasting from late April to July (Lejeune 1985; Taborsky et al. 1987). 

Spawning occurs in the nest and involves small females (35-75 mm, Total Length) and three 
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alternative male reproductive types that compete to fertilize the eggs (Warner & Lejeune 1985). 

Fertilization is external. Large, dominant males (81-95  mm, TL) (Lejeune 1985) build nests with 

pieces of algae (Sinopoli et al. 2015), court females, and provide parental care ensuring 

oxygenation of the eggs by fanning, and actively defending the nest from egg predators and other 

competing males. Females are non-territorial and often swim in small groups with other females, 

do not participate in nest-building or parental care, and during the spawning phase of a nesting 

cycle they visit several nests to lay a portion of their eggs by brushing their genital papillae 

against algae. Smaller breeding males, called sneakers (35-60 mm, TL), hover around various 

nests and try to join the female and dominant male during spawning. Medium sized satellite 

males (61-80 mm, TL), cooperate with dominant males to reduce sneaker male spawning and 

they also help court females and sneak spawn, getting a share of paternity in the nest as a result 

(Warner & Lejeune 1985; Stiver & Alonzo 2013). Throughout the breeding season, each 

dominant male completes several nesting cycles (each of which involves nest construction, 

spawning and parental care) (Taborsky et al. 1987), lasting on average 8-10 days (Lejeune 1985). 

Females prefer nests where other females are present or have recently spawned (i.e., mate-choice 

coping), and with fewer sneakers present (Alonzo & Warner 2000b). 

 

Study sites, behavioural and statistical analyses  

 

On 8-12 May 2012 and 7-12 June 2013, the fish reproductive behaviour was observed at two sites 

off Vulcano Island (NE Sicily, Italy), where ocellated wrasse nests were exposed to present-day 

seawater pCO2 conditions and those predicted by the end of this century (High-CO2 38°25.184’N, 

14°57.696’E; Ambient-CO2 38°25.248’N, 14°57.8533’E) (Table S1). The High CO2 and the 

Ambient CO2 nesting sites were at ~450 m and ~800 m distance from the main seeping area, 

respectively. On 16-20 May 2012, an additional nesting site exposed to ambient CO2 at Cala Isola 
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(38°12.341’N 13°15.490’E; NW Sicily, Italy), 150 km from Vulcano Island, was investigated to 

assess inter-population differences in mating behaviour under present-day pCO2 conditions.  

Nests of S. ocellatus were randomly selected among those in the spawning phase (which occur over 

3-4 days) of the nest cycle and filmed in Ambient (n=14) and High-CO2 (n=18) conditions off 

Vulcano and in ambient conditions at Cala Isola (n=10). The same nest (and dominant male) was 

filmed only once, with observations typically occurring on the same days for both Ambient and 

High CO2 nests along the Vulcano gradient. The 42 total behavioural observations were collected 

on different dives over the study period (16 days). All the nests considered were at 3-4 m depth in 

rocky habitat covered by brown macroalgae. Our behavioural analyses took place when light 

intensity and spawning activity were highest (i.e., from 10.00 to 16.00 hour). Water visibility 

(always exceeding 10-15 m) and tidal ranges (between 20 and 40 cm) were similar in the two 

nesting sites along the gradient off Vulcano island and in the additional nesting site exposed to 

ambient CO2 at Cala Isola. Each nest was filmed for 10 minutes using a GoPro 3 camera placed on a 

tripod 1 m away from the nest. Five nests and dominant males from each nesting site at Vulcano 

Island were marked for subsequent genetic analyses (see below). Details on the standard length, 

weight, and age (from otoliths) of five dominant males belonging to nests exposed to high CO2 

conditions and of eight dominant nesting males from Ambient CO2 nests are reported in the Table 

S2. 

To assess the ‘nest composition’ I subdivided each 10-min video into 15-sec. frames. For each 

frame, I recorded both the maximum number (MaxN) of females, sneakers and satellites and the 

total number (TN) of females and sneakers participating in reproduction or visiting within 1 m of 

the nest. MaxN is a conservative estimate to avoid repeated measurements of the same individual, 

by recording the maximum number of individuals appearing at the same time in a single frame. 

TotN is a cumulative estimate of all individuals recorded within each frame in a 10-min video. In 

this case, the same individual could be repeatedly counted. TotN was not assessed for the satellite 
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males, as these were the same within a single video and therefore expressed as MaxN only. For 

each nest I recorded the number of spawns by females 10 min-1, the percent of time the dominant 

nesting male spent courting females 10 min-1, the number of times the dominant male chased 

sneakers 10 min-1, and the number of dominant male spawn disruption 10 min-1.  

Exploratory data analysis following Zuur et al. (2010) revealed issues of heteroscedasticity of 

variances, structuring of residuals and/or limited ranges of data values in many of the planned 

analyses. Analytical models were therefore selected on a test by test basis using inspection of 

residuals and, where applicable, AIC values as criteria. To control the type I error rate attendant 

with the number of tests involved in the study, planned contrasts of intercept coefficients were used 

to compare factor levels where pairwise testing was required, and when appropriate the robustness 

of influence from marginal p values (0.01<p<0.05) was confirmed by bootstrapping confidence 

intervals. All tests were conducted using R ver. 3.2.1 (R Core Team 2016).  

Differences in the number of accessory males (MaxN and TotN sneakers; MaxN satellites) and the 

number of females (MaxN and TotN females) between the two nesting sites (High CO2 and 

Ambient CO2) and between the two different ambient conditions populations were modelled by 

generalised least squares (GLS) fitting using maximum likelihood. The same approach was used to 

test effects of nesting site (fixed factor: High CO2 and Ambient CO2) and satellite males (fixed 

factor: satellites present or absent) upon the number of spawns by females 10 min-1, the proportion 

of male time spent in courtship and the number of chases performed. In all cases, F-tests with Type 

III sums of squares were used to generate p values for main effects and interactions. The number of 

dominant nesting male spawning disruptions was only exceptionally greater than one, and was 

therefore analysed as a binary response by binomial family GLM with chi-squared likelihood ratio 

tests used to generate p values. 

The number of spawns involving one dominant male with a female (pair spawns), and the spawns 

involving both dominant and accessory males (sneak spawns) were also recorded. GLS by 
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maximum likelihood was again used to determine whether the number of spawns differed between 

types (pair and sneak), nesting sites (Ambient and High CO2) and nests with or without satellites. 

 

Genetic analyses and paternity assignments 

 

For paternity analyses, I focused on the developmental stage most likely to be from the same day 

as the behavioural observation. Since spawning tends to occur over a few days (3-4 d) and it 

takes 3-5 days for eggs to hatch (Lejeune 1985) depending on seawater temperature, I expected 

larvae to hatch at the recorded temperature value about 80 hours after spawning. Therefore, I 

waited 2.5 days (about 60 hours) to sample nests, fertilised eggs and marked dominant males and 

used only larvae with pigmented eyes (which usually form around 60 hours after fertilization) for 

subsequent genetic analyses.  

Specifically, five of the dominant males that had been observed from each nesting site were 

captured by SCUBA diving. Fin clips were collected and fin fragments were preserved in 80% 

ethanol for later paternity analyses. Nests were also collected to allow a comparison of the 

number and size of eggs laid between the two nesting sites (n=200). Individual egg surface 

(mm2) was measured using digital photography and the open access software ImageJ was used to 

estimate diameter to the nearest 0.01 mm. Wilcoxon rank sum tests (with continuity correction in 

the case of egg surface area) were used to determine whether the number of eggs and their 

surface area differed between the two nesting sites (High CO2 and Ambient CO2). 

A sub-sample of embryos developed to the pigmented eye stage (n=60) was collected from each 

nest, preserved in 80% ethanol and sent to University of Arizona Genetics Core (Tucson, USA) 

for genotyping. DNA from 10 dominant nesting males and 585 eggs from 10 nests (n=5 at 

Ambient and n=5 at High CO2 conditions) was extracted using magnetic bead mediated robotic 

extraction (Verde Labs Genomic DNA Extraction Chemistry on a Biosprint96 Extraction 
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Robot). All samples were amplified using six microsatellite loci developed for S. ocellatus 

(Soc1017, Soc1063, Soc1109, Soc1198, Soc3121, Soc3200), and previously used for paternity 

assignment in this species (Alonzo & Heckman 2010). Primer lengths were modified to allow all 

six loci to be used in combination in a single PCR reaction. DNA was amplified using a DNA 

Engine Tetrad® 2 Thermal Cycler from Biorad set at the following parameters: 94°C (120s); 15 

cycles of 94°C (30s), 60-54°C (30s, 60°C on first cycle, decreasing by 0.5°C for each subsequent 

cycle), 72°C (90s); 23 cycles of 94°C (30s), 54°C (30s), 72°C (90s); 72°C (10 minutes). PCR 

product was run for fragment analysis on an Applied Biosystem 3730 DNA Analyzer, visualized 

and scored using the standard protocol for Genemarker software from Softgenetics using a newly 

created bin-set. Peaks were then evaluated and scored visually by two observers blind to sample 

identity. Paternity was assigned to eggs based on strict exclusion; eggs that had at least one 

mismatch to the putative father were left unassigned to maintain a conservative estimate of the 

fertilization success of dominant males (see Alonzo & Heckman (2010) for a comparison of 

different parentage assignment methods using these loci in S. ocellatus). Eggs were included in 

the analysis only if they could be compared to the putative father at three or more loci (N = 505 

of 585 eggs were included in the final analysis; 62 were excluded due to low levels of DNA 

extracted and poor amplification, and 18 because they could not be compared to the putative 

father at three or more loci). The paternity data (e.g. the number of eggs assigned to the nesting 

male versus not assigned to the nesting male) were firstly analysed using a logistic regression fit 

by maximum likelihood with nest as a random effect due to significant overdispersion of the data 

(Warton & Hui 2011) and CO2 condition (Ambient versus High) treated as a fixed effect (using 

glmer from the lme4 package in R) (Bates et al. 2015; R Core Team 2016). Given the small 

sample size (n=5 nests per condition), to reduce the possibility of a type I error, I also fit the 

model using a bootstrap method following Warton & Hui (2011).  
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Results 
 

Nest composition, nest attractiveness and egg characteristics at different CO2 levels 

 

The maximum number (MaxN) of satellites, sneakers and females visiting the nests at Vulcano 

Island showed no differences between nesting sites exposed to different CO2 levels (Table 1; Fig. 

S1a). Similarly, the total number (TotN) of sneakers and the total number of females recorded in 

10-min videos did not differ between nests exposed to end-of-century and ambient CO2 (Table 1; 

Fig. S1b). Female spawning rate was also unaffected by CO2 levels (Fig. S2 and Table S3). 

Thus, there were no differences in nest attractiveness to ocellated wrasse females under different 

CO2 levels (Table 1; Fig. S2, Table S3). No differences in any of these variables were recorded 

at nesting sites exposed to present-day Ambient-CO2 conditions at Vulcano Island with those at 

Cala Isola (Table S4). Also, there were no differences in the size or number of eggs laid between 

nesting sites (Table 1; Fig. S3 and Fig. S4), as the Ambient-CO2 nests had an average of 17833 

(±3275, SE, n= 5) eggs and the High-CO2 nests had 18621 (±3156, SE, n= 5) eggs (Table S6).  

 

Behavioural interactions of the dominant nesting male 

 

The percent time that dominant males spent courting females did not differ significantly between 

High-CO2 (15.8% ±2.1; SE, n= 18) and Ambient sites (21.1% ±3.3; SE, n= 14, Table 1; Fig. 2a). 

The number of times that dominant males behaved aggressively towards accessory males was 

also similar between nesting sites (Table 1; Fig. 2b) with 12.6 (±3.9 SE, n= 12) versus 16.6 (±3.1 

SE, n= 7) chasing events 10 min-1 at High-CO2 compared with Ambient-CO2 nests respectively. 

The disruption of dominant male spawning did not differ significantly between nesting sites 

(Table 1; Fig. S5). Similarly, no population differences in the mating behaviour of the dominant 
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males were recorded between nests exposed to present-day Ambient-CO2 conditions at Vulcano 

Island and Cala Isola (Table 1). 

 

 

Figure 2 - Mating behaviours of dominant males at the sites with different CO2 levels. (a) Average 

time spent (%   SE) by the dominant male in courting females and (b) average number (  SE) of 

dominant male nest defence (chasing)  events 10 min-1. In both cases there are no differences between 

High CO2 vs Ambient nesting sites.  
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Table 1. Summary of statistical analysis of nest composition and success, reproductive output, mating 

behaviour and spawning of ocellated wrasse (see methods for test details). Only comparisons between the 

two nesting sites exposed to different CO2 conditions (i.e., High CO2 vs Ambient CO2 nesting sites) off 

Vulcano island are reported (see electronic supplementary Tables for full analyses and for inter-population 

analyses between ambient nesting sites). When an interaction term was significant, the results of pair-wise 

planned contrasts between  High CO2 vs Ambient levels are reported in brackets. SI: Nesting Site (with two 

levels: High CO2, Ambient); SA: Satellite (with two levels: present, absent); SP: Spawn Type (with two 

levels: Pair spawn, Sneak spawn). Significant results are in bold. 

Nest composition df t P 

MaxN  Satellites 1,31 0.820 0.418 

 Sneakers 1,31 1.568 0.125 

 Females 1,31 0.885 0.488 

TotN  Sneakers 1,31 0.771 0.445 

  Females 1,31 0.778 0.441 

Nest success df F p 

N. of spawns by females  

(SI x SA interaction) 1,28 12.041 0.002 
  Satellite present (t= 1.259, P= 0.218) 

   Satellite absent (t= 4.107, P<0.001) 

Eggs (reproductive output) df W p 

N. of eggs/nest  1,8 11 0.841 

Surface   1,398 21066 0.352 

Behavioural interactions of the dominant nesting 

male df F p 

Courtship (%time) 1,28 1.829 0.187 

N. of chasing events against accessory  

males 1,15 0.479 0.499 

Inter-male competition df Chisq p 

Dominant nesting male spawn disruption 1 0.547 0.459 

Number of spawns (SP x SI interaction) 1,63 8.928 0.004 
  Pair (t= 3.282, P= 0.002) 

  Sneak (t= 0.515, P= 0.609) 

 

 

Mating competition and dominant male paternity 

 

Along the Vulcano CO2 gradient, I found that the number of pair spawns (a spawning event 

involving only a female and a dominant male) were significantly lower at High-CO2 (SpxSI 

interaction term, Table 1; Fig. 3; Table S5), whilst sneak spawns (a spawning event involving 

both dominant and accessory males) did not differ significantly between sites (SpxSI interaction, 

Table 1; Fig. 3; Table S5). Spawning by satellite males accounted for the 12.5% and 17% of the 

total sneak spawns in the High-CO2 (n=56) and the Ambient (n=47) nesting sites respectively, 
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with the remainder involving sneaker males. There were no differences in the number of pair 

versus sneak spawns at High CO2 nests (Contrast: pair = sneak, P =0.777; Supplementary Table 

S5), while – as expected based on earlier studies of this species (Alonzo & Heckman 2010) – the 

number of pair spawns was higher than that of sneak spawns in the Ambient nests (contrast: pair 

> sneak, P =0.002; Fig. 3; Table S5). Such differences in pair and sneak spawning were not 

recorded between nests exposed to Ambient-CO2 levels at Vulcano Island and Cala Isola (Table 

S4).  

 

Figure 3 - Number ( SE) of dominant male spawns (pair spawns) and sneak spawns at High and 

Ambient CO2 nests. Means with different letters (a, b) were significantly different in the pair-wise 

planned contrasts (see Table 1).  

 

Genetic analyses revealed that all of the dominant males experienced extra-pair paternity; they 

sired 58.2% of the embryos (39.6-80.0%; n = 5) at High CO2 nests, and 38.3% of the embryos 

(19.6-50.9%; n = 5) at nests exposed to ambient conditions (Fig. S6). The logistic regression fit 

using maximum likelihood to predict the probability an egg is sired by the nesting male found a 
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significant effect of nest condition on nesting male paternity (z value -2.248,  P= 0.0245). 

However, the pattern of increased siring success of the dominant males at higher CO2 levels was 

not statistically significant after using a bootstrapping method to address the potential for Type I 

errors, given the small sample size (bootstrap P value = 0.07).  

 

 

Discussion 
 

Dominant nesting males had approximately one third the number of pair spawns at nests exposed 

to elevated CO2 compared with nests at ambient CO2 levels, demonstrating a clear effect of 

rising CO2 on the ocellated wrasse reproductive behaviour. However, other dominant males’ 

behaviours like female courtship and nest defense from intra-specific (i.e., inter-male) 

competition were unaffected under elevated CO2 conditions. Although ocean acidification 

increased the risk of sperm competition in the ocellated wrasse, sneaker males were unable to 

benefit from impaired dominant male mating as revealed by paternity tests, indicating that there 

was probably no net loss of reproductive success for dominant nesting males. 

Investigations into the effects of rising CO2 effects on fish reproduction are in their infancy; the 

few studies to date showed mixed responses when simulating ocean acidification in aquaria 

(Forsgren et al. 2013; Miller et al. 2013; Schade et al. 2014). Laboratory studies of the effects of 

rising pCO2 levels in aquaria are augmented with work at natural analogues for ocean 

acidification as they improve ecological realism, although it is more difficult to determine dose-

response relationships than in experiments that control variations in carbonate chemistry and 

great care is needed to consider the possible effects of confounding factors (Cornwall & Hurd 

2016). I used sites that were as similar as possible chemically (e.g. salinity, alkalinity) and 

physically (substratum, wave exposure, currents, light levels, tidal range, depth, temperature) 
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with the one key difference being pCO2 levels; as such this is the first study to document effects 

of ocean acidification on fish mating behaviour in the wild.  

No differences in nest attractiveness to females (Alonzo 2004) at different CO2 levels were 

found. Female Symphodus ocellatus base their spawning decisions primarily on the absence of 

sneakers at the nest, high mating activity and the mate choice of other females (Alonzo 2004), 

rather than on dominant male phenotype (size and colour patterns) or behaviour (ability in nest 

defence from intra-specific competitors or courtship) (Alonzo 2004; Alonzo & Heckman 2010). 

A high number of females at a nest can in turn make it more attractive to sneakers, therefore 

increasing the risk of sperm competition and affecting the reproductive success of the dominant 

male (Alonzo 2004). I found no differences in the size or number of eggs laid between nesting 

sites. Laboratory work on the reproductive performance of the cinnamon anemone fish revealed 

increased egg production at elevated CO2  – which is thought to be due to stimulation of the 

hypothalamo-pituitary-gonadal (HPG) axis (Heuer & Grosell 2014) – with no differences in egg 

size at ambient (420 µatm) and end-of-century CO2 (1032 µatm) levels, but a significant 

decrease in egg size at moderate CO2 (584 µatm) level, suggesting a CO2 dose dependent 

investment strategy of females (Miller et al. 2013). The effect appears to be species-specific, 

since similarly to the present study, in the three-spined stickleback Gasterosteus aculeatus egg 

size did not differ when exposed to ambient and end-of-century CO2 levels (Schade et al. 2014). 

Dominant males were actively engaged in female courtship and in aggression against the 

sneakers and satellite males at both nesting sites, however I found that the levels of seawater 

pCO2 expected by the end of this century did not significantly affect these dominant male 

behaviours, which are key in ensuring its spawning success (Taborsky et al. 1987). Occasionally 

dominant male spawning was disrupted when a sneaker male caused the female to leave a nest 

without laying eggs, and sometimes accessory males were successful in spawning alone with a 

female. However, the frequency of spawning disruptions of the dominant male did not differ 
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between nesting sites. In laboratory tests, four-day exposure to elevated CO2 can affect both 

juvenile and adult fish behaviour (Munday et al. 2009; Jutfelt et al. 2013; Nagelkerken & 

Munday 2016) and field work off Papua New Guinea has shown that chronic ocean acidification 

disrupts the behaviour of sedentary fish at CO2 seeps, such as those that hide in anemones or 

coral colonies (Munday et al. 2014). As reported in studies elsewhere, I observed that dominant 

nesting male ocellated wrasse stayed within a small home range (10s of meters) and attended 

individual nests for periods of 8-10 days (Taborsky et al. 1987) during the breeding season.  

Females – often travelling in small groups – and sneaker males were more mobile (100s of 

meters). Thus, the dominant males near to CO2 seeps experienced chronic exposure to ocean 

acidification whereas more mobile males and females will have experienced acute effects. High 

CO2 levels affect behavioural lateralization, visual assessment and cognition in several fish 

species (Domenici et al. 2012; Nilsson et al. 2012; Jutfelt et al. 2013; Chivers et al. 2014; Chung 

et al. 2014). Work on escape behaviour has shown that ocean acidification affects decision-

making time (Domenici et al. 2012; Nilsson et al. 2012) when fish try to escape predation 

(Chivers et al. 2014). Therefore, neuro-sensory impairment may be important when dominant 

male ocellated wrasse have to make a quick decision about either to spawn or to chase away 

sexual competitors, since these behaviours are key in ensuring the fertilization success of 

dominant males (Taborsky et al. 1987). Consistently, dominant nesting males had lower pair 

spawns at nests exposed to elevated than ambient CO2 levels, but sneak spawning was not 

affected. Although ocellated wrasse sneaker males have a higher gonadal investment and release 

more sperm per spawn than dominant or satellites males (Alonzo & Warner 2000a), genetic 

analyses revealed a trend towards increased dominant male paternity at elevated CO2 levels. The 

fact that a near significant trend was detected for increased dominant male paternity at the high 

CO2, despite the low numbers of nests available for study, suggests that there may be an 

important biological effect in evidence. Given the previously observed variation among nests in 
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both sperm competition and dominant nesting male paternity (Alonzo & Heckman 2010), it is 

possible that larger sample sizes would pin down these differences in reproductive success. In 

addition, it is also plausible that ocean acidification differentially affects sperm mobility in the 

three types of male wrasse; a number of studies have shown that ocean acidification affects 

sperm in some invertebrates (Havenhand & Schlegel 2009; Caldwell et al. 2011) although no 

impact has yet been found in fish (Frommel et al. 2010). 

In summary, these observations are the first to document effects of rising seawater CO2 

concentrations on the sexual behaviour of fish in the wild. I expected that increased sperm 

competition due to ocean acidification would reduce dominant male reproductive success. 

However, genetic paternity tests showed a 20% increase in their paternity at high CO2 sites, 

suggesting that sneaker and satellite mates were at a disadvantage. These results raise questions 

around potential effects of increasing CO2 levels on gametogenesis and sperm competition, on 

embryonic development and on survival of different males’ descendants. Work on the effects of 

ocean acidification on the reproductive fitness of marine fish must be a priority given their 

importance for ecosystem stability and for food security and livelihoods in coastal communities.  
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Table S1. Seawater carbonate chemistry at High and Ambient pCO2 sites off Vulcano Island and Cala Isola used to observe 

mating behavior, spawning and fertilization success of ocellated wrasse in 2012 (a) and 2013 (b). Multiple measurements of 

Salinity, Temperature and pH were made daily in each nesting site (between 10:00-16:00 h) both on different days before and on 

the same day of the behavioural observations. Data were analysed using linear mixed models (R package lme4 with REML) with 

site as a fixed factor and day as a random factor nested within sites. Results of significance tests (F-ratios and P values) with 3 

nesting site levels for the 2012 survey (n=11 for Vulcano and n=14 for Cala Isola) and 2 levels for the 2013 survey in Vulcano 

(n=12) are reported for each variable. Means with different letters (a, b) differ significantly (P<0.05, pairwise contrasts). 

  Vulcano Island Cala Isola 

    High CO2  Ambient CO2  Ambient CO2 

(a) Survey 2012     

Salinity mean ±S.E. 38.15(±0.02) a 38.12(±0.02) a 37.99(±0.04) a 

F2,33= 2.34, P=0.112 range 38.1-38.3 38-38.2 37.8-38.1 

 median 38.1 38.1 38.09 

Temperature (°C) mean ±S.E. 19.38(±0.12) a 19.59(±0.13) a 20.37(±0.1) b 

F2,33= 12.62, P<0.001 range 18.6-20.1 18.9-20.1 19.89-20.68 

 median 19.4 19.8 20.63 

pHNBS  mean ±S.E. 7.82 (±0.06) a 8.15(±0.01) b 8.18(±0.01) b 

F2,33= 15.79, P<0.001 range 7.36-8.06 8.08-8.22 8.13-8.23 

 median 7.85 8.16 8.18 

pCO2 (µatm) mean ±S.E. 1274(±244) a 480(±19) b 428(±10) b 

F2,33= 5.94, P<0.01 range 602-3516 390-578 368-488 

 median 1034 463 424 

TA (µmol kg-1)  2581 2607 2518 

(b) Survey 2013    

Salinity mean ±S.E. 38.15(±0.02) a 38.14(±0.02) a 

F1,22= 0.04, P=0.84 range 38.1-38.25 38-38.3 

 median 38.1 38.1 

Temperature (°C) mean ±S.E. 19.97(±0.09) a 19.54(±0.12) b 

F1,22= 5.53, P<0.05 range 19.3-20.6 18.9-20.1 

 median 20 19.4 

pHNBS  mean ±S.E. 7.83(±0.05) a 8.18(±0.01) b 

F1,22= 48.63, P<0.001 range 7.57-8.06 8.09-8.23 

 median 7.89 8.2 

pCO2 (µatm) mean ±S.E. 1180(±153) a 421(±15) b 

F1,22= 24.43, P<0.001 range 598-2112 368-550 

 median 922 406 

TA (µmol kg-1)  2545 2528 
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Table S2. Standard length (SL), wet weight (WW), and age estimations from otoliths of dominant males 

from nesting sites exposed to High CO2 and Ambient CO2 conditions off Vulcano Island and Cala Isola. 

Age of dominant males ranged between 2 and 3 years off the Vulcano CO2 gradient, whilst ocellated 

wrasse nesting males from Cala Isola were all 3 years old, although slightly smaller. The asterisks 

indicate the genotypised individuals. 

ID  

 

Location CO2 level SL( mm) WW (g) Age (years) 

1* Vulcano High  70 8.44 2 

2* Vulcano High  74 11.08 3 

3* Vulcano High  81 12.44 3 

4* Vulcano High  82 12.71 3 

5* Vulcano High  78 10.43 2 

6* Vulcano Ambient  82 11.78 2 

7* Vulcano Ambient  81 11.23 3 

8* Vulcano Ambient  83 13.29 3 

9* Vulcano Ambient  80 12.29 3 

10* Vulcano Ambient  79 8.68 2 

11 Cala Isola Ambient  73 8.75 3 

12 Cala Isola Ambient  71 7.50 3 

13 Cala Isola Ambient  67 6.42 3 
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Table S3.  Results of significance testing of main effects and interaction from the generalised least 

squares fit by maximum likelihood of the number of spawns by females (n. of spawns 10 min-1) at nests 

exposed to two CO2 conditions (Nesting site) in the presence and absence of satellite males (Satellite) off 

Vulcano island, followed by results of contrasts between high and ambient sites within the significant 

Nesting site x Satellite interaction. See methods for further details. There were no overall differences in 

the number of spawns by females at High vs Ambient CO2. Thus there were no differences in nest 

attractiveness under different CO2 levels, despite the influence of satellite males on female spawning. 
Source df F p 

Nesting site (SI) 1 4.104 0.052 

Satellite (SA) 1 1.076 0.520 

SIxSA 1 12.041 0.002 

Residuals 28                  

 

Pair-wise contrasts   

Term 'SixSA' for pairs of levels of factor 'Nesting Site'    t p 

Within level 'Absent' of factor 'Satellite'   

High, Ambient 4.107 <0.001 

   

Within level 'Present' of factor 'Satellite'   

High, Ambient 1.259 0.218 

 

Term 'SixSA' for pairs of levels of factor 'Satellite'   

Within level 'High CO2' of factor 'Nesting site'   

Absent, Present 2.032 0.052 

   

Within level 'Ambient CO2' of factor 'Nesting site'   

Absent, Present 3.150 0.004 
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Table S4. Statistical summary of nest composition, mating behaviour and spawning of ocellated wrasse at 

Ambient CO2 Vulcano vs Ambient CO2 Cala Isola (see methods for details).  

Nest composition   df t p 

 MaxN Sneakers 1,22 0.726 0.472 

  Females 1,22 1.429 0.161 

 TotN Sneakers 1,22 0.865 0.392 

    Females 1,22 0.733 0.468 

Nest success  df F p 

 

N. of spawns by 

females  1,22 0.759 0.393 

Behavioural interactions of the dominant male    

 Courtship (%time)  1,22 0.0004 0.984 

 

N. of chasing events 

against other males  1,14 2.709 0.122 

Inter-male competition     

 

Dominant male 

spawn disruption  1 0.717 0.397 

Inter-male competition     

 Number of spawns  1,44 0.911 0.345 
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Table S5.  Results of significance testing of main effects and interactions from the generalised least 

squares fit by maximum likelihood of the number of spawns 10 min-1made by dominant males (pair 

spawns) and those involving accessory males (sneak spawns) (Spawn type)  at nests exposed to two CO2 

conditions (Nesting site) in the presence and absence of satellite males (Satellite) off Vulcano island, 

followed by results of contrasts between high and ambient sites within the significant Nesting site x 

Spawn type interaction. Pair spawns were significantly lower at High CO2 than Ambient CO2 nests, 

whilst sneak spawns did not differ. In bold the interaction term further analysed by pairwise t-tests. * 

denotes a marginal p value with consistent inference under bootstrapping of confidence intervals; see 

methods for further details. 
Source df F p 

Spawn type (SP) 1 4.900 0.031* 

Nesting Site (SI) 1 4.744 0.034* 

Satellite (SA) 1 0.284 0.596 

SPxSI 1 8.929 0.004 

SPxSA 1 9.545 0.003 

SIxSA 1 13.370 <0.001 

SPxSIxSA 1 2.119 0.151 

Residuals 56                  

 

Pair-wise contrasts     

Term 'SPxSI' for pairs of levels of factor 'Nesting Site' t p 

Within level 'Pair' of factor 'spawning type'   

High, Ambient 3.282 0.002 

   

Within level 'Sneak' of factor 'spawning type'   

High, Ambient 0.515 0.609 

 

Term 'SPxSI' for pairs of levels of factor 'Spawn type'   

Within level 'High CO2' of factor 'Nesting site'   

Pair, Sneak 0.284 0.777 

   

Within level 'Ambient CO2' of factor 'Nesting site'   

Pair, Sneak 3.329 0.002 
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Table S6: Mean (± SE) of nest composition, mating behaviour, spawning, egg size, number of eggs and 

paternity of the ocellated wrasse at at High and Ambient CO2 off Vulcano Island and at Ambient CO2 and 

Cala Isola.  

CO2 condition High CO2 Ambient CO2 

Ambient 

CO2 

Location Vulcano Island 

Vulcano 

Island Cala Isola 

Sample size (n) 18 14 10 

MaxN sneakers 3.61 (±0.74) 2.07 (±0.62) 2.9 (±0.81) 

Ntot sneakers 30.33 (±9.65) 19.21 (±8.76) 

33.7 

(±15.4) 

Nmax females 2.67 (±0.26) 2.29 (±0.32) 3 (±0.45) 

Ntot females 21.11 (±3.79) 25.93 (±4.27) 31.2 (±6.7) 

Nmax satellites 0.61 (±0.16) 0.43 (±0.14) 0.1 (±0.1) 

Courtship (time%) 15.76 (±2.09) 21.12 (±3.29) 

21.25 

(±3.83) 

N. of chasing events* 12.58 (±3.18) 16.57 (±3.12) 8.22 (±3.4) 

N. of dominant male spawn 

disruptions 0.89 (±0.32) 0.5 (±0.20) 0.3 (±0.21) 

N. of spawns by females  5.72 (±1.47) 10.93 (±2.55) 7.4 (±2.88) 

N. of spawns by dominant males 2.61 (±0.67) 8.79 (±2.4) 5.8 (±2.16) 

N. of spawns by accessory males 3.11 (±1.19) 2.14 (±0.54) 1.6 (±0.98) 

Eggs size (mm2) ** 0.325 (±0.002) 

0.327 

(±0.002) - 

N. of eggs nest-1 *** 18621 (±3156) 

17833 

(±3275) - 

Dominant male paternity (%) *** 58.2 (±7.52) 38.34 (±6.1) - 

* Vulcano High CO2 n=12; Vulcano Ambient CO2 n=7; Cala Isola Ambient CO2 n=10. ** Vulcano High CO2 

n=200; Vulcano Ambient CO2 n=200. *** Vulcano High CO2 n=5; Vulcano Ambient CO2 n=5. 
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Figure S1 - Nest composition at different CO2 levels off Vulcano Island. (a) Average maximum number 

(MaxN  SE) of accessory males (sneakers and satellites) and females that were recorded within 15-

sec frames of 10 min videos. (b) Average total number (TotN  SE) of sneakers and females that were 

recorded within 10 min videos. Each 10-min video was subdivided on 15-sec frames. Within each 

frame I recorded the total number of females and accessory males (i.e. sneakers and satellites) 

participating to reproduction or visiting the nest within 1m diameter. TotN is the total number of 

individuals observed in a 10-min video. In both cases there are no differences between nesting sites 

(High CO2 vs Ambient). These findings suggest that nests were similarly attractive in the two CO2 

conditions.  
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Figure S2 - Number of spawns ( SE) by females at two CO2 levels off Vulcano Island. Nest success 

seemed to be unaffected by CO2 levels as there were no differences in the number of spawns by 

females between nesting sites (High CO2 vs Ambient). However, the presence/absence of the satellite 

males at the nest had opposite effects on the number of spawns by females at High vs. Ambient CO2 

nests respectively. Means with different letters (a, b, c) are significantly different in pair-wise t-tests 

(see Table S2 for full analyses).   
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Figure S3 - Eggs size ( SE) in nests exposed to different CO2 levels. Measurements were carried out 

on eggs randomly collected from five nests at each nesting site off Vulcano island (n=200 eggs).  
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Figure S4 - Number of eggs/nest ( SE) at different CO2 levels. Nests exposed to different CO2 levels 

(n=5 for each condition) had a similar number of eggs, suggesting that the reproductive output was 

similar under present-day and end-of-century CO2 concentrations. 

 

Figure S5 - Number of dominant male spawn disruptions ( SE) at different CO2 levels. The number of 

spawn disruptions made by the dominant male did not differ between nests exposed to different CO2 

levels (High CO2 n=18; Ambient CO2 n=14).  
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Figure S6 - Paternity of dominant nesting males ( SE) at different CO2 levels. Proportion of eggs 

sired by nesting males based on strict exclusion analysis. Dominant males were the fathers of embryo 

fish ca 20% more often at High CO2  but this was not statistically significant from the ambient 

conditions (unpaired t-test, t = 2.05, p = 0.074).  
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Chapter 4 - Effects of ocean acidification on embryonic 

respiration and development of a temperate wrasse 

living along a natural CO2 gradient 
 

 

Introduction 

 

There is widespread concern that the increase of dissolved CO2 concentrations in the oceans and the 

consequent alteration of the water chemistry (ocean acidification, OA) may severely affect a wide 

range of marine organisms (Kroeker et al. 2010, 2013; Wittmann & Pörtner 2013). Modelling 

projections based on CO2 emission scenarios proposed by the Intergovernmental Panel on Climate 

Change (IPCC) suggest that if global emissions will not be reduced, ocean CO2 partial pressure 

(pCO2) will continue to increase up to ∼1000 μatm by the end of this century, and the average 

surface ocean pH will drop by up to 0.4 units compared with present-day levels (Pörtner et al. 

2014).  

In the last decade, the number of studies dealing with the effects of OA on the marine biota has 

constantly increased, suggesting OA as one of the most serious threats for marine organisms and 

ecosystem functions (Kroeker et al. 2010). However, a wide variability of responses to OA have 

been observed among different taxonomic groups and ontogenetic stages, with calcifying organisms 

considered the most threatened taxa (Kroeker et al. 2013).  

Being able to regulate their internal acid–base balance actively, fish have been long considered to 

be less sensitive to changes in the water carbonate chemistry (e.g. Melzner et al. 2009b). However, 

fish exposed to high pCO2 levels displayed sublethal effects, especially during early life stages. It 

has been suggested that fish exposed to high CO2 concentrations have to adjust the internal HCO3
− 

to maintain homeostasis, with this having consequences on ionic regulation processes (e.g. Brauner 

& Baker, 2009; Esbaugh et al. 2012; Heuer & Grosell 2014). This regulation in response to high 
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CO2 concentrations is predicted to be energetically costly (Pörtner et al. 2004; Munday et al. 2009a) 

and may lead to altered survival rates (Baumann et al. 2012; Chambers et al. 2014), reproduction 

(Miller et al. 2013), development (Frommel et al. 2012; Miller et al. 2012; Forsgren et al., 2013) 

and calcification (Checkley et al. 2009; Munday et al. 2011; Pimentel et al. 2014a) in early life 

stages of some fish species. In addition, an increasing number of studies have documented effects of 

altered pCO2 levels on the behaviour and neurosensory functions of different fish species, such as 

impaired learning, loss of behavioural lateralization and altered auditory and olfactory abilities 

(Munday et al. 2009b, 2010, 2014; Simpson et al. 2011; Domenici et al. 2012; Nilsson et al. 2012; 

Jutfelt et al. 2013; Chivers et al. 2014; Heuer & Grosell, 2014). The molecular mechanism under-

pinning such responses has been elucidated by Nilsson et al. (2012), who demonstrated how the 

function of the GABAA receptor, an inhibitory neurotransmitter of the vertebrate brain, is affected 

by higher CO2 concentrations.  

Physiological studies revealed that adult fish display an apparently high tolerance even at very high 

pCO2 levels that will not be reached in any worst-case OA scenario (Ishimatsu et al. 2008), whereas 

early life stages seem to be threatened at pCO2 levels expected by the end of this century (i.e. 

∼1000 μatm) or beyond (Baumann et al. 2012; Frommel et al. 2012; Forsgren et al. 2013; 

Chambers et al. 2014; Pimentel et al. 2014a). The higher sensitivity of early life stages has been 

linked to their high volume-to-surface ratio affecting the diffusive processes and to an acid–base 

balance system not yet fully developed, with ionic exchanges occurring across the skin and the yolk 

(Ishimatsu et al. 2008). It has also been suggested that the energetic cost of maintenance of acid–

base balance in high-CO2 conditions would increase the metabolic rate, with potential consequences 

for development, performance and survival of subsequent ontogenetic stages (Sokolova et al. 2012). 

To date, studies on fish metabolic responses to altered levels of pCO2 were mainly carried out on 

larval and post-larval stages and often showed mixed responses (Melzner et al. 2009a; Munday et 

al. 2009a, 2014; Miller et al. 2012; Couturier et al. 2013; Enzor et al. 2013; Rummer et al. 2013; 
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Pimentel et al. 2014b; Pope et al. 2014). Only a few studies addressed the combined effects of CO2 

and temperature on potential alterations of fish embryonic physiology, such as the metabolic 

response of the little skate, Leucoraja erinacea (Di Santo 2015), and the Antarctic dragonfish, 

Gymnodraco acuticeps (Flynn et al. 2015).  

More importantly, most of the knowledge about the effects of OA is derived from studies performed 

in laboratory conditions, whereas the responses of organisms in their natural habitats have seldom 

been verified, although this could better reflect their adaptation to natural variability in pH and 

pCO2 (Munday et al. 2014) and to long-term selective pressure. Volcanic CO2 seeps represent a 

suitable situation in which to disclose these responses and have been used recently to address fish 

behavioural responses and potential transgenerational effects on populations chronically exposed to 

high-CO2 conditions (Munday et al. 2014).  

Here, I performed two experiments in a natural CO2 seep off Vulcano Island (Italy) to assess the 

effects of different pCO2 levels on the early development of the temperate ocellated wrasse, 

Symphodus ocellatus (Forsskål, 1775). This species was chosen because it was previously observed 

spawning along the CO2 gradient and its eggs are laid on benthic nests. In the first experiment, I 

used a factorial design to assess the oxygen consumption of three embryonic stages (i.e. initial, 

middle and late) reared in nesting sites in present-day ambient conditions (ambient, A) and end-of-

century high-CO2 conditions (high CO2, H). Embryos were also transplanted from the high-CO2 

nesting site to the ambient site and vice versa (HA and AH, respectively) or replaced into the 

original nesting site (HH and AA) to control the translocation effect, and then exposed for 30 h 

before testing. This enabled to assess the effects of elevated CO2 on egg size and oxygen 

consumption of the S. ocellatus embryos and their responses when developed in different CO2 

conditions from the original nesting site. In the second experiment, using the same factorial design, 

I assessed how different pCO2 levels may affect the yolk consumption and length of newly hatched 

larvae.  
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Materials and Methods  

 

Study species  

Symphodus ocellatus is a Mediterranean wrasse widespread in shallow rocky areas. This species is a 

benthic spawner, and the females lay eggs in nests built by territorial males (nesting males or nest-

builders; Taborsky et al. 1987). The breeding season usually occurs from April to July, probably 

according to seawater temperature (Lejeune 1985). During the reproductive period, the nesting 

males become strictly territorial and brightly coloured and build nests with fragments of algae, 

where they attract females for mating. The sexual activity of this species is recurrent, and each 

nesting male completes several nesting cycles over the breeding season (Taborsky et al. 1987). 

Females visit different nests and lay tens of small eggs (approximately 10–40 eggs) for each 

spawning event (Lejeune 1985). The eggs are immediately fertilized, and nesting males provide 

care for the embryos until hatching, moving the pectoral fins above the nest surface. Development 

of embryos takes up to 80 h at 21°C (Lejeune 1985), whereas the subsequent pelagic larval phase 

lasts from 9 to 13 days (with average planktonic larval duration of 10 days as documented by 

settlement marks in otoliths; Raventos & McPherson 2001).  

 

Study site 

The experiments were carried out in two different breeding seasons (early and late May 2012 and 

June 2013) in the Baia di Levante of Vulcano Island (Aeolian Archipelago, Northeastern Sicily, 

Italy). In this area, a submersed CO2 seep system generates a CO2/pH gradient that runs parallel to 

the coast (Boatta et al. 2013). The main submersed seep is located along southern and western 

shores of Baia di Levante (38°25′03.07″N, 14°57′35.90″E) at 1 m depth, and the gas composition is 

mainly CO2 (>99%). Other gases potentially toxic for cell respiration (e.g. H2S) are found at the 

main seeping site but do not extend to the nesting sites considered in the present study, which are 
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located at a distance of >400 m from the main degassing area (Boatta et al. 2013). Oxygen 

concentrations reach ambient conditions at a few tens of meters from the main seeps (Boatta et al. 

2013). Two nesting sites with different pCO2 and pH levels were identified for the experiments: 

ambient CO2 (A) in present-day conditions (∼400 μatm, pCO2) and high CO2 (H), mimicking 

projected end-of-century CO2 conditions (∼1000 μatm pCO2 for the first experiment and ∼800 

μatm pCO2 for the second experiment; see online supplementary material Table S1 and Fig. S1; 

RCP8.5 scenario; IPCC, 2013). 

Experiment 1: effects of different CO2 concentrations on oxygen consumption of embryos  

In each nesting site exposed to different CO2 conditions, I identified 10 nests where the dominant 

nesting male was in the spawning phase, and portions of the nests were collected for subsequent 30 

h exposure. Specifically, fragments of nests with eggs were moved from the high-CO2 nesting site 

to the ambient-CO2 site and vice versa (treatments HA and AH, respectively; five nests for each 

condition) or replaced into the original nesting site (treatments HH and AA; five nests for each 

condition) to control the translocation effect. Translocations were performed by placing the portions 

of each nest in 100 ml plastic containers with four sides opened and covered with a mesh (0.1 mm) 

to ensure water flow-through and oxygenation of the embryos. The containers were fixed to the 

bottom for 30 h at the same depth as the nests of provenience (3–4 m). After the 30 h exposure, 

eggs from the A and H nesting sites were also collected from eight additional nests. Embryos 

belonging from the six different treatments (A, H, AH, AA, HA and HH) were classified on the 

basis of their development stages, as follows: the first stage (initial) included embryos at the end of 

epiboly phase (∼6–8 h after fertilization); the second stage (middle) included embryos from the end 

of the epiboly phase to the formation of the last somite (∼10–30 h after fertilization); and the last 

stage (late) started with the exhibition of body and eye pigmentation and progressed until the pre-

hatching phase (∼60–80 h after fertilization). As expected, only embryos belonging to the middle 

and late stage of development were found in the AH, AA, HA and HH treatments after the 30 h 
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exposureThe oxygen consumption rate (OCR) was measured for groups of 10 embryos from each 

treatment and developmental stage. To measure the OCR, I used the electrode microrespiration 

System, MRS-8 (Unisense, Aarhus, Denmark), provided with eight microrespiration glass chambers 

containing ∼0.5 ml (Bartolini et al. 2013; Simoni et al. 2013). To ensure the constant homogeneity 

of the water samples, each chamber was stirred with a glass-embedded micromagnet (separated 

from the eggs through a fine mesh of stainless steel) and an individual stirring device. 

Respirometric chambers were filled with filtered (0.2 μm) seawater to reduce the confounding 

effect of microorganismal respiration. The temperature of the system was maintained at the same 

temperature recorded in the field during the first experiment (see supplementary Fig. S2). When the 

system stabilized at the experimental temperature, 10 eggs were introduced to the glass chambers 

and oxygen concentration was measured. An end-point measurement was performed after 2 min, 

and the OCR was extrapolated from the difference between the two measurements (i.e. oxygen 

depletion/time) and was reported as the absolute value. The approximate single embryo OCR was 

estimated by dividing the oxygen consumption by the number of embryos in the respirometric 

chamber. After measuring the oxygen consumption, the eggs were placed on a Petri dish with a 1 

mm grid with 0.05 mm scale bars and were photographed with a Leica camera attached to a stereo 

microscope (Leica MZ APO). Egg surface area was obtained from digital photographs using ImageJ 

software by tracing around each egg, and the area was estimated to the nearest 0.001 mm2. As the 

difference in size of eggs could influence the amount and the capacity of gas exchange of the 

embryos tested for the respirometry, I standardized the oxygen consumption to the average egg 

surface calculated for each replicate (10 embryos) and thus reported oxygen consumption in 

micromoles per hour per square millimeter. 

Experiment 2: effects of different CO2 concentrations on yolk area and length at hatching  

In June 2013, a second experiment was performed to evaluate whether exposure to different CO2 

conditions may affect the yolk consumption (i.e. yolk area at hatching) and the length of larvae at 
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hatching. I used the same experimental design and the same methods as in the first experiment. 

Portions of nests were collected from A and H nesting sites (five nests per site), and portions of five 

nests each containing some hundreds (appoximately 500–700) of embryos were exposed to each of 

the translocation treatments (AH, HA, HH and AA; 20 portions of nests in total). In this case, I 

chose to focus collections on nests in the last stage of the nesting cycle (when the nesting male 

provides parental care by fanning) to be sure to obtain enough hatchlings for subsequent 

measurements. After the 30 h exposure, the nest portions were collected from each CO2 treatment 

and transferred to a laboratory facility close to the field site, where they were placed in six different 

rearing aquaria (10 l each) and maintained in aerated seawater from the site of origin. The 

temperature was monitored using a 556 MPS YSI (Yellow Springs, OH, USA) multiprobe. 

Hatching is synchronous in this species and occurs at dusk, probably to avoid predation (Lejeune 

1985). Hatchlings were collected from each aquarium within 2 h, photographed under a binocular 

microscope (Leica, MZ-APO) and then released in the nesting sites of origin. Yolk area and total 

length of the larvae were estimated to the nearest 0.001 mm2 and 0.01 mm, respectively, using the 

digital photographs and the image analysis software ImageJ. 

Seawater carbonate chemistry 

For the first experiment, salinity and pH expressed as total scale (pHT) were measured in situ for 3 

days consecutively in early and late May 2012, using a 556 MPS YSI multiprobe positioned at 2 m 

depth and previously calibrated using Tris–HCl and 2-aminopyridine–HCl buffer solutions 

(Dickson et al. 2007). Hobo Onset loggers were also deployed in the two nesting sites to monitor 

seawater temperatures (in degrees Celsius) continually at 1 h intervals for the whole duration of the 

first experiment (supplementary Fig. S2). Dissolved oxygen (DO, in milligrams per litre) was 

measured only in late May (n = 6 for each nesting site). At both sites, 100 ml water samples (n = 3) 

were also collected, passed through a Whatman GF/F, poisoned with 0.05 ml of 50% HgCl2 

(Merck, Analar) and stored in the dark at 4°C for subsequent analyses of total alkalinity (TA). 
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Three replicate 20 ml sub-samples were analysed at 25°C using a titration system composed of a pH 

meter with a Methrom pH electrode and a 1 ml automatic burette (Methrom). The pH was measured 

at 0.02 ml increments of 0.1 N HCl. Total alkalinity (in micromoles per kilogram) was calculated 

from the Gran function applied to pH from 4.2 to 3.0, as milliequivalents per litre from the slope of 

the curve for pH vs. HCl volume. Results were corrected against TA standards provided by A.G. 

Dickson (batch 99 and 102). For the first experiments, parameters of the carbonate system [pCO2, 

CO3
2- and HCO3

−] were calculated from pHT, average TA, temperature and salinity using the free-

access CO2SYS package (Pierrot & Wallace 2006). Means of pHT were calculated from hydrogen 

ion concentrations of each measurement and then reconverted back to pH. 

For the second experiment, pCO2 (in microatmospheres) was continuously measured by deploying a 

HidroCtmCO2 II sensor for dissolved CO2 (Contros System & Solutions GmbH, Germany) at 2 m 

depth at each nesting site for 20 h, whilst salinity and seawater temperature (in degrees Celsius) 

were monitored on several visits using a 556 MPS YSI. 

The seawater carbonate chemistry of the first experiment and the pCO2 measured during the second 

experiment are presented as online supplementary material (Tables S1 and S2, Fig. S1). 

Experimental design and data analyses 

Potential differences in egg size, OCR, yolk area and length at hatching were tested by 

permutational univariate analysis of variance (PERMANOVA; Anderson et al. 2008) using 

PRIMER v. 6.1 (PRIMER-E, Ivybridge, UK). Differences in egg size were tested using ‘nesting 

site’ as a fixed factor with two levels (H and A) to assess potential effects of different pCO2 levels 

on eggs laid at different nesting sites, or ‘period’ as a fixed factor with two levels (early May and 

late May) to assess potential differences across the breeding season. 

Differences in the overall oxygen consumption of embryos among the three developmental stages 

were then determined by a two-factor design, with ‘embryonic stage’ as a fixed factor with three 
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levels (initial, middle and late) and ‘nesting site’ as a fixed orthogonal factor with two levels (H and 

A). Within each embryonic stage, differences in OCR were tested using ‘CO2 treatment’ as a fixed 

factor with two levels (H and A) for the initial developmental stage, five levels for the middle 

developmental stage (H, A, AH, HA and AA; as I was not able to obtain enough middle-stage 

embryos for the HH treatments) and with six levels (H, A, AH, HA, HH and AA) for the late 

developmental stage. Differences in length at hatching were determined using ‘treatment’ as a fixed 

factor with six levels (A, H, AH, HA, AA and HH). Data for each experimental trials were not 

transformed, and a triangular matrix based on Euclidean distance was calculated for each data set. 

One-way and two-way PERMANOVAs were run using 9999 unrestricted permutations of the raw 

data. Pairwise t-test comparisons of significant terms in PERMANOVAs were used to assess 

differences between levels. A linear regression analysis was also run to assess the relationships 

between the three development stages of S. ocellatus embryos from ambient- and high-CO2 nesting 

sites and their oxygen consumption (in micromoles per hour per square millimeter). 

 

Results 
 

In the first experiment, the average size of newly fertilized eggs did not differ between A and H 

conditions (means ± SEM: A, 0.411 ± 0.003 mm2; H, 0.408 ± 0.003 mm2; PERMANOVA, pseudo-

F1,174 = 0.55209, P = 0.4476; Fig. 1). The eggs collected in late May were significantly smaller 

than eggs collected in early May in both ambient- and high-CO2 sites (means ± SEM: early May, 

0.414 ± 0.001 mm2; late May, 0.390 ± 0.001 mm2; PERMANOVA, pseudo-F1,1224 = 202.99, P < 

0.001; Fig. 1). 
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Figure 1: Mean surface (± SE) of newly fertilized eggs collected in the first experiment from Ambient (A) and 

High (H) CO2 nesting sites (panel on the left) and overall mean surface (±S.E.) of eggs regardless the stage 

of development in the two periods (early and late May) (panel on the right). In this latter case eggs belonged 

to both CO2 nesting sites. Asterisks (***) indicate a significant difference at p=0.001. n= 88 (A), n= 87 (H), 

n= 769 (early May), n= 456 (late May).  

 

The OCRs of embryos collected from high- and ambient-CO2 nesting sites increased linearly as 

development progressed, from the initial to the late stage (ambient CO2, r
2 = 0.7559, P < 0.001; 

high CO2, r
2 = 0.7234, P < 0.001; supplementary Fig. S3). At each developmental stage, I found no 

differences in the OCR between embryos collected in A and H conditions (Fig. 2; PERMANOVA: 

pseudo-F1,68 = 2.959, P = 0.0903; supplementary Table S3). Also, these treatments were not dif-

ferent from the translocation controls, HH and AA, in the middle and late developmental stages and 

from embryos belonging to high-CO2 and moved to ambient-CO2 nesting sites (HA) for 30 h 

exposure (Fig. 2; supplementary Table S4). Embryos collected in A and exposed to H conditions 

(i.e. AH treatment) showed an increasing trend of oxygen consumption in the middle stage and a 
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significantly higher OCR for embryos in the late developmental stage (Fig. 2 and supplementary 

Table S4).  

 

 

Figure 2: Oxygen consumption rate (OCR) of embryos standardized to egg surface (µmol · h-1 · mm-2). 

Graph shows the average O2 consumption (± SE) in each treatment and developmental stage (results for HH 

treatments in the middle stage are not available). Numbers above bars indicate the number of replicates. 

Asterisk (*) indicates the presence of significant differences (see also pair-wise tests in supplementary Table 

S4).  

 

In the second experiment, the length of newly hatched larvae did not differ between A and H 

nesting sites (PERMANOVA: pseudo-F5,413 = 3.3936, P = 0.0052; supplementary Table S5), 

where the total length of the larvae were on average 2.44 ± 0.03 and 2.42 ± 0.03 mm, respectively 

(means ± SEM; Fig. 3). Larvae hatched from AA and HH treatments showed no significant 

differences from A and H treatments, as total length was on average 2.48 ± 0.02 mm in the AA 

treatment and 2.43 ± 0.01 mm in the HH treatment (Fig. 3 and supplementary Table S5). Larvae 
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hatched from the AH treatment were significantly smaller (2.38 ± 0.01 mm) than those in all the 

other treatments (supplementary Table S5). The yolk area of the newly hatched larvae showed a 

high variability among the treatments (PERMANOVA: pseudo- F5,413 = 34.485, P = 0.001; 

supplementary Fig. S4). The yolk area in all the treatments differed significantly from each other 

except those belonging to the HA and HH treatments (supplementary Table S6). On average, the 

largest yolk area was recorded in the AH treatment (0.109 ± 0.003 mm2) and the smallest in the H 

treatment (0.065 ± 0.001 mm2; supplementary Fig. S4).  

 

 

 

Figure 3: Mean (±SE) total length (mm) of larvae hatched from embryos exposed to the six treatments. 

Asterisk (*) indicates the presence of significant differences. n= 48 (A), n= 72 (AH), n= 84 (AA), n= 62 (H), 

n= 66 (HA), n= 82 (HH). 

 

 

Discussion  
 

Here I show that embryos of the ocellated wrasse (S. ocellatus) living at a temperate CO2 seep are 

tolerant to CO2 concentrations expected by the end of this century. Specifically, the oxygen 
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consumption of embryos and their size at hatching were similar between ambient- and high-CO2 

nesting sites. However, I found an altered respiration rate in embryos collected from an ambient-

CO2 and moved to a high-CO2 nesting site for a 30 h exposure, implying that embryos from 

ambient-CO2 conditions could be less able to cope with higher pCO2 levels. Likewise, hatchlings 

showed an impaired development in these conditions. On the contrary, embryos belonging to the 

high-CO2 nesting site showed no such response when translocated to the ambient-CO2 treatment, 

therefore suggesting that offspring from high-CO2 nesting sites could be resilient to a wider range 

of pCO2 values than those belonging to the site with present-day pCO2 levels. 

Embryos reared in ambient-CO2 conditions experienced a lower variability in pH and pCO2 than 

embryos reared in high-CO2 conditions off the Vulcano Island seep in both experiments. It has been 

suggested that through maternal provisioning females may adjust egg characteristics (such as opti-

mal egg size; Einum et al. 2002) to environmental conditions (Chambers 1997). However, I found 

that the size of S. ocellatus eggs laid in the two nesting sites did not differ, whereas I documented a 

decrease in egg size during the breeding season. Egg surface is often used as indicator of egg 

quality in fish and represents a fundamental life-history trait for marine fish that influences the size 

of embryos and their physiology, growth rate and survival at hatching, with cascading effects on 

species performances and fitness (Chambers 1997). These findings suggest that S. ocellatus could 

modulate their investment in ways other than egg dimension. Likewise, no differences were found 

in the size of eggs laid from parents of the cinnamon anemonefish (Amphiprion melanopus) reared 

in aquaria at pCO2 levels comparable with those considered in the present study (Miller et al. 2013). 

The observed differences in egg size throughout the breeding season have already been documented 

for several temperate spring-spawning species (e.g. Chambers 1997; Mazzoldi et al. 2002), 

including the co-generic wrasse Symphodus roissali (Raventos & Planes 2008), and have been 

related to the body condition and the size of the females (Marshall et al., 2010). 
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As fish primarily use metabolic adjustments to cope with acid–base disturbances (Heuer & Grosell 

2014), metabolic responses measured as OCR may give a clear indication of the physiological 

performance and potential resilience of organisms exposed to different pCO2 levels (Sokolova et al. 

2012). As suggested by some authors, when the pCO2 increases and pH drops, respiration rate 

increases in order to exhale CO2 and restore homeostasis, affecting the whole energy budget of the 

organisms (Ishimatsu et al. 2008; Pörtner 2008; Munday et al. 2009a). Other authors reported 

metabolic depression in fish exposed to high pCO2 levels (Rummer et al. 2013; Pimentel et al. 

2014b), probably because of a mechanism of protection of the body fluids from excessive 

acidification (Rummer et al. 2013). As expected, I recorded an increased oxygen consumption 

throughout the embryonic development. Given that the oxygen consumption of embryos in initial, 

middle and late developmental stages did not show any difference between ambient- and high-CO2 

sites, I suggest that offspring of S. ocellatus from parents living in altered CO2 conditions could be 

resilient to high pCO2. This result could indicate that parental effects (i.e. when parents and 

offspring are exposed to the same CO2 levels) can compensate for the effects of high CO2 on 

embryonic metabolic performance by conditioning the offspring to specific CO2 levels through 

epigenetic transgenerational plasticity, allowing offspring to develop efficient physiological 

pathways for the high-CO2 environment (e.g. Miller et al. 2012). As S. ocellatus is highly territorial 

during the breeding season and embryos develop in benthic nests (Taborsky et al. 1987), both 

parents and offspring were exposed to the same environmental conditions off Vulcano Island CO2 

gradient. However, the 30 h exposure of embryos collected at ambient-CO2 site and moved to 

higher levels of pCO2 (high-CO2 nesting site) led to an increase of OCR, which was more evident 

during the late developmental stage (with embryos showing an average 33.8% increase in OCR 

relative to embryos exposed to other treatments). As oxygen consumption may be considered a 

proxy of energetic demand for basal maintenance and development, results of this study could 

suggest that embryos from parents living in ambient-CO2 conditions increase their oxygen 
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requirement when they are exposed to high-CO2 conditions in order to support the increased acid–

base regulatory activity (Heuer & Grosell 2014). On the contrary, there is no sign of metabolic 

impairment in embryos moved from high-CO2 to ambient-CO2 nesting sites, indicating that this 

translocation does not represent a stressful event for developing embryos. Laboratory experiments 

revealed that juveniles of the tropical anemonefish Amphyprion melanopus exposed to altered pCO2 

levels display increased routine metabolic rate (Miller et al. 2012). However, this adverse effect of 

increased CO2 on metabolic rate did not occur when juveniles were reared in the same CO2 

conditions as their parents, suggesting that the conditions experienced by adults may lead to 

improved capacity to cope with CO2 stress (Miller et al. 2012). 

Similar to what has been observed for the metabolic response, the length of larvae hatched from 

nests at ambient and high CO2 did not differ between nesting sites, whereas hatchlings from 

embryos moved from ambient- to high-CO2 nesting sites were significantly smaller than those 

hatched in all other treatments. In the absence of an efficient regulatory system, exposure to high 

levels of CO2 might lead to an increase of internal pCO2 levels and acidification of internal fluid 

compartments (Heuer & Grosell 2014). This might cause direct acid–base imbalances in the 

organism, which can lead to larval tissue damage (Frommel et al. 2012), and reallocation of energy 

resources away from growth or development (Baumann et al. 2012). Some studies assessing aspects 

of embryonic and larval development have shown increased or no differences in the length at 

hatching of larvae after exposure to high pCO2 levels (Munday et al. 2009c; Franke & Clemmesen 

2011; Frommel et al. 2013; Hurst et al. 2013; Miller et al. 2013; Chambers et al. 2014). This implies 

that the observed increment in the metabolic activity of embryos from the AH treatment could be a 

short-term response of transplanted embryos to support the increased energy demand for acid–base 

regulation in increased CO2 levels (Pörtner 2012; Sokolova et al. 2012), potentially leading to a 

decreased growth rate (reduced size at hatching). A recent experiment  showed that larvae of 

Seriola lalandi hatched from eggs exposed to moderate and high pCO2 levels (880 and 1700 μatm, 
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respectively) were significantly smaller than larvae hatched from the control treatment, suggesting 

an additional energetic cost to cope with altered pCO2 levels (Munday et al. 2015). Smaller larvae 

may exhibit a lower performance and survival in the wild, because it has been documented that 

large offspring are advantaged from enhanced swimming ability and more efficient predator 

avoidance (Miller et al. 1988). However, the second experiment failed to find a consistent response 

when considering the yolk size at hatching. Yolk areas of larvae hatching from ambient-CO2 and 

moved to high-CO2 conditions were bigger than yolks in the other treatments. Further research is 

need to highlight potential trade-off mechanisms involving yolk consumption. 

In conclusion, this study reveals that S. ocellatus offspring brooded in different CO2 conditions 

exhibited similar responses, but after the 30 h exposure to higher CO2 levels the embryos and larvae 

from parents that spawned in the ambient-CO2 nesting site showed metabolic and size differences, 

unlike those from parents exposed to high-pCO2 conditions. Indeed, it is undoubted that the role of 

acclimatization and adaptation processes will have significant consequences for our understanding 

of how fish will respond to a future high-CO2 ocean (Sunday et al. 2014). In this context, this study 

identifies a crucial need to increase the number of studies dealing with these processes under 

climate change trajectories and to expand these to naturally high-CO2 environments to assess 

further the adaptive plasticity mechanism that encompasses non-genetic inheritance (epigenetics) 

through parental exposure. 
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Table S1: Seawater chemistry at the two nesting sites during the two study periods of the first 

experiment off Vulcano Island CO2 seeps. 

 Nesting Sites 

 High CO2  Ambient CO2  

 Early 

May 

Late 

May 

Early 

May 

Late 

May 

Salinity Mean 

(±SD) 

38.2 

(0.1) 

38.2 

(0.1) 

38.1 

(0.1) 

38.1 

(0.1) 

Dissolved oxygen 

(mg/l) 

Mean 

(±SD) 

- 8.2 (0.2) - 8.5 

(0.2) 

Temperature (°C) Mean 

(±SD) 

18.4 

(0.3) 

19.1 

(0.5) 

18.4 

(0.4) 

19.2 

(0.3) 

 Range 17.5-19.1 18.6-19.4 18.0-18.7 18.8-

19.3 

 Median 18.4 19.3 18.3 19.4 

pHT  Mean 

(±SD) 

7.72 

(0.19) 

7.69 

(0.16) 

8.08 

(0.02) 

8.09 

(0.03

) 

 Range 7.50-7.84 7.50-7.79 8.07-8.10 8.06-

8.11 

 Median 7.81 7.77 8.07 8.10 

pCO2 (µatm) Mean 

(±SD) 

1122 

(592) 

1176 

(500) 

395(22) 384 

(34) 

 Range 752-1805 866-1753 370-413 360-

423 

 Median 810 909 402 370 

HCO3
- (µmol kg-1) Mean 

(±SD) 

2253 

(98) 

2246 

(73) 

1989 

(23) 

1968 

(28) 

 Range 2185-

2365 

2194-

2330 

1963-

2006 

1951

-

2001 

 Median 2210 2214 2000 1953 

CO3
2- (µmol kg-1) Mean 

(±SD) 

111 (40) 104 (30) 215 (9) 225 

(11) 

 Range 66-139 70-125 209-227 212-

232 

 Median 129 117 211 231 

Total Alkalinity 

(µmol kg-1) 

Mean 2527 2501 2520 2520 
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Table S2: Temperature and pCO2 values recorded at the two nesting sites during the second 

experiment off Vulcano Island CO2 seeps. 

  Nesting sites 

  Ambient High 

pCO2 

T (°C) Mean (± SD) 25.2 (0.3) 24.7 (0.3) 

 

pCO2 (µatm) 

Mean (± SD) 430 (50) 773 (213) 

Range  333-530 443-1407 

Median 441 781 

 

 

 

 

 

 

 

Table S3: Two-way PERMANOVA on the oxygen consumption rate (OCR) of embryos at different 

developmental stages (ST: initial, middle and late) collected from the two CO2 nesting sites (Ambient and 

High). Significant differences are in bold. 

Source df SS MS Pseudo-

F 

p Unique 

perms 

Stage (ST) 

2 255.24 

127.6

2 99.773 

0.000

1 9952 

CO2 

1 3.784 3.785 2.959 

0.090

3 9799 

STxCO2 

2 1.308 0.654 0.511 

0.597

6 9956 

Residuals 63 80.584 1.279    

Total 68 339.67                                 
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Table S4: a) PERMANOVA and b) PAIR-WISE t-tests on the oxygen consumption rate (OCR) of embryos 

at the late developmental stage in the six treatments. Significant differences are in bold. 

a) Source df SS MS Pseudo-

F 

p  Unique 

perms 

Treatments 5 113.35 22.669 6.5573 0.001 9937 

Residuals 52 179.77 3.4571    

Total 57 293.12     

 

b) Pair-wise contrasts   

 t p Unique 

perms 

High, Ambient 1.2403 0.236 5032 

High, High-high 1.3166 0.2066 4994 

High, Ambient-Ambient 1.6706 0.1232 5011 

High, High-Ambient 0.3980 0.6957 9478 

High, Ambient-High 2.3723 0.0298 9749 

Ambient, High-high 0.0555 0.9533 4930 

Ambient, Ambient-Ambient 0.1599 0.874 4994 

Ambient, High-Ambient 1.3801 0.1851 9415 

Ambient, Ambient-High 3.0805 0.0057 9773 

High-high, Ambient-Ambient 0.1008 0.9158 5026 

High-high, High-Ambient 1.4822 0.1533 9463 

High-high, Ambient-High 3.1297 0.0055 9708 

Ambient-Ambient, High-Ambient 2.0153 0.0602 8926 

Ambient-Ambient, Ambient-High 3.119 0.006 9584 

High-Ambient, Ambient-High 3.1651 0.0052 9827 
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Table S5: a) PERMANOVA and b) PAIR-WISE t-tests on the length at hatching of larvae after the six 

treatments. Significant differences are in bold. 

a) Source df SS MS Pseudo

-F 

p Uniqu

e 

perms 

Treatment

s 

5 0.6115 0.1223 3.3936 0.005

2 

9948 

Residuals 408 14.704 0.0360    

Total 413 15.315     

 

 

b) Pair-wise contrasts   

 t p Unique perms 

Ambient, High 0.3440 0.7251 658 

High, High-high 0.3571 0.7211 679 

High, Ambient-Ambient 1.3923 0.1709 761 

High, High-Ambient 1.8802 0.0629 711 

High, Ambient-High 1.2713 0.2026 646 

Ambient, High-high 0.0842 0.9372 540 

Ambient, Ambient-Ambient 1.0655 0.2823 608 

Ambient, High-Ambient 1.6823 0.1003 563 

Ambient, Ambient-High 2.0361 0.0447 483 

High-high, Ambient-Ambient 1.4211 0.1582 669 

High-high, High-Ambient 2.1615 0.0348 594 

High-high, Ambient-High 2.3501 0.0215 543 

Ambient-Ambient, High-Ambient 0.6437 0.525 659 

Ambient-Ambient, Ambient-High 3.4512 0.0005 650 

High-Ambient, Ambient-High 4.3323 0.0001 583 
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Table S6: a) PERMANOVA and b) PAIR-WISE t-tests on the yolk area of newly hatched larvae in the six 

treatments. Significant differences are in bold. 

a) Source df SS MS Pseudo-F p Unique 

perms 

Treatments 5 0.0908 0.0182 34.485 0.0001 9952 

Residuals 408 0.2149 0.0005    

Total 413 0.3057     

 

b) Pair-wise contrasts      

 t p Unique perms 

Ambient, High 2.9313 0.0054 248 

High, High-high 8.6385 0.0001 5088 

High, Ambient-Ambient 5.8236 0.0001 752 

High, High-Ambient 11.241 0.0001 731 

High, Ambient-High 10.673 0.0001 1007 

Ambient, High-high 5.9511 0.0001 4656 

Ambient, Ambient-Ambient 3.203 0.0015 668 

Ambient, High-Ambient 8.0306 0.0001 625 

Ambient, Ambient-High 7.9212 0.0001 871 

High-high, Ambient-Ambient 3.2839 0.0017 5110 

High-high, High-Ambient 0.0028 0.9976 4629 

High-high, Ambient-High 2.3585 0.0193 5228 

Ambient-Ambient, High-Ambient 3.6748 0.0003 765 

Ambient-Ambient, Ambient-High 5.5909 0.0001 534 

High-Ambient, Ambient-High 2.5551 0.0123 817 
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Figure S2: pCO2 daily fluctuation recorded in Ambient CO2 (a) and High CO2 (b) nesting sites 

during the second experiment aimed at assessing hatchling size and yolk consumption. Dotted lines 

are the average values recorded during the 20-hour measure. 
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Figure S2: Mean (± SD) seawater temperature (°C) recorded in Ambient CO2 (blue) and High CO2 

(orange) nesting sites during the first experiment (the encircled points indicates the two sampling 

periods). 
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Figure S3: Oxygen consumption (µmol · h-1 · mm-2) of the embryos at the three development stages 

collected from Ambient (blue) and High CO2 (orange) nesting sites. Linear regressions (dotted 

lines) are reported for each CO2 condition (Ambient CO2: r
2 = 0.7559, p<0.001; High CO2: r

2= 

0.7234, p<0.001).  
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Figure S4: Mean (±SE) yolk area (mm2) of newly hatched larvae in the six treatments: A (n= 48), 

AH (n= 72), AA (n= 84), H (n= 62), HA (n= 66), and HH (n= 82). See supplementary Table S6 for 

full statistical differences. 
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Chapter 5 - Effects of Ocean Acidification on predator 

recognition by newly settled larvae of a Mediterranean 

wrasse 
 

 

Introduction 
 

Ocean Acidification (OA) will affect survival, calcification, growth, abundance and development of 

several marine taxa (Kroeker et al. 2013). As many of these effects could occur at CO2 

concentrations expected in the near future (Gattuso et al. 2015), this field of research is one of the 

most productive of the last decade, with more than 500 papers published in 2013 (Riebesell & 

Gattuso 2015). Studies on OA-induced effects have often showed mixed responses of organisms, 

suggesting taxon-specific sensitivity to altered CO2 concentration (Wittman & Pörtner 2013). Fish 

are considered to be able to cope with elevated partial pressure CO2 (pCO2) in seawater, due to their 

efficient homeostatic mechanisms allowing them to actively regulate ionic concentrations in their 

body compartments (Heuer & Grosell 2014). However, a growing number of studies showed severe 

effects of OA on fish development (Baumann et al. 2012; Frommel et al. 2012, 2014, 2016; 

Pimentel et al. 2014a), otolith formation (Checkley et al. 2009; Munday et al. 2011), metabolism 

(Munday et al. 2009a), and behaviour (reviewed in Clements & Hunt 2015), especially during early 

life stages. Whilst effects on physiological and developmental responses have been mainly detected 

after exposure to elevated pCO2 levels expected by 2100 and beyond (i.e. ≥900 µatm), fish may 

show behavioural disruptions at CO2 concentrations slightly higher than the actual (i.e. >550 µatm) 

(Devine et al. 2012; but see also chapter 2). Several laboratory-based experiments described CO2-

induced alterations of fish decision making, lateralization, anti-predator response and activity rates 

(Clements & Hunt 2015). These behavioural effects are due to neurosensory disruptions, which 

makes fish reared under high pCO2 levels unable to recognize olfactory, visual and auditory stimuli 

(Munday et al. 2009b; Simpson et al. 2011; Chung et al. 2014). The molecular process 
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underpinning OA-induced behavioural effects has been widely described, and involved the 

functioning of GABAA receptor, a neuroreceptor that is responsible with GABA neurotransmitter of 

inhibitory responses in animals (Nilsson et al. 2012; Chivers et al. 2014; Hamilton et al. 2014; 

Heuer et al. 2016). Under ambient CO2 conditions, the inflow of HCO3
− and/or Cl− ions into the cell 

through the GABAA receptor, prevents the cellular depolarization and leads to an inhibitory 

response. When fish are exposed to elevated pCO2 levels, compensatory mechanisms act to contrast 

changes both in intra- and extra-cellular ions concentrations, by reversing the ion flow and causing 

an excitatory response by (membrane) depolarization. Neurosensory impairments due to GABAA 

dysfunctions are reversed by gabazine, a GABA antagonist of that restore an inhibitory response 

even under rising CO2 conditions (Nilsson et al. 2012).  

Many studies described the effects of elevated pCO2 on fish olfaction, with larvae and juveniles of 

different tropical fish species, which are attracted by cues they normally avoid, such as those of 

unfavorable habitats, of their predators or conspecific alarms (reviewed in Briffa et al. 2012; 

Nagelkerken & Munday 2016). Such kind of impairment was seldom observed in temperate fish 

species, leading many authors to suggest a species-specific sensitivity of fish to OA (Jutfelt & 

Hadgarde 2013, 2015; Maneja et al. 2012; Jutfelt et al. 2013; Forsgren et al. 2013; Lai et al. 2015; 

Sundin & Jutfelt 2016) and demonstrating the need for further investigations. Whatever the origin 

(e.g. temperate vs. tropical) of a given fish, most of these studies were carried out after short-term 

CO2 exposures and in laboratory conditions, whilst evidence from fish chronically exposed to 

elevated CO2 levels are limited, despite might allow a better understanding of how natural fish 

populations will respond to future CO2 concentrations changes.  

In this chapter, I investigated whether elevated CO2 levels affect the ability to recognize the odour 

of a predator by juveniles of a wrasse living off a Mediterranean CO2 seep. To test the response to 

this olfactory stimulus, I recorded the cue preference of fish collected from recruitment sites under 

different pCO2 levels, both in gabazine-treated and -untreated individuals.  
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Materials and Methods  
 

Study species 

 

Ocellated wrasse Symphodus ocellatus is a widespread species in the rocky Mediterranean subtidal 

zone with an annual breeding season lasting from later May to July (depending on water 

temperature; Lejeune 1985). Spawning takes place in nests built with fragment of algae and 

defended by territorial dominant male. In this species two different male typologies compete with 

the nesting males for the reproduction: sneakers and satellites. This latter typology of males helps 

the nesting males to chase the sneakers and are admitted to participate to some spawning events. 

The eggs are suddenly fertilized after the deposition and embryonic development lasts about 80 

hours. After hatching, swimming larvae have a pelagic phase (PLD) lasting 8-11 days (Raventos 

and McPherson 2001). Larvae settle on branched algae at a size of around 8 mm (Raventos & 

McPherson 2001) and show a high site fidelity (Lejeune 1985). The short PLD limits off-shore 

larval dispersal hence favoring their settlement in shallow habitats (Raventos & McPherson 2001). 

 

Study site and seawater carbonate chemistry 

 

This study was carried out on Vulcano Island (Eolian Archipelago, Italy) where natural submerged 

CO2 emissions create a pCO2/pH gradient that runs parallel to the coast. The main degassing area is 

located close to the SW shore of the Levante Bay at 1 m depth where the pH reaches very low 

values (e.g. 5.2-5.5 units) and carbon dioxide is the main gas emitted (>99%) (Boatta et al. 2013). 

The hydrothermal fluid also contains hydrogen sulphide (Capaccioni et al. 2001), which is 

potentially toxic to cellular respiration. However, hydrogen sulphide rapidly oxidises to sulphate 

and at >20 m from the main seeps its concentration is very low (< 50 μMol kg-1) as seawater is well 

oxygenated all over the bay (Boatta et al., 2013). I chose two recruitment sites inside the Levante 
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Bay which were at >350 from the main seeps, and where pCO2 ranged from present-day conditions 

(~400 µatm, Ambient CO2) to elevated CO2 conditions expected for 2050-2070 (∼750 μatm, High 

CO2; Table 1). Selection was made according to to previous studies in the same region (Boatta et al. 

2013; Milazzo et al. 2014) and were reconfirmed with pCO2 measurements using a HydroC Carbon 

Dioxide Sensor (Contros Systems & Solutions, Germany). The CO2 sensor was positioned at 2 m 

depth at each site for 20 h the day before larval collection. A YSI ProPlus (Yellow Springs, USA) 

multiparametric probe was used to measure salinity, pH and temperature (°C) at each site on several 

daily visits before recruits collection. The pH sensor was calibrated using NBS scale standard 

buffers and then soaked in seawater for one hour before measurements. In each site on the day of 

recruits collection, three replicated 0.2µm filtered water samples for total alkalinity (TA) were 

collected, stored in the dark and then analyzed at 25° C using a titration system.  

 

Collection of larvae and experimental design 

 

Juveniles of S. ocellatus (mean total length: 19.4 cm ± 3.2 SD, n=103) were collected from the two 

CO2 sites at 2 m depth by two snorkellers using handnets. Before collection, the snorkellers also 

carried out underwater surveys to daily monitor for four consecutive days the exact location and the 

site fidelity of schools of settled larvae along the gradient. This exposure time has been suggested to 

be necessary to look at altered pCO2 levels effects on fish behaviour (e.g. Munday et al. 2010). 

After collection larvae were suddenly moved to the lab Centro Carapezza (INGV) where they were 

kept in two different aerated 50-L tanks filled with seawater from the original sites (Ambient and 

High CO2, respectively). Water temperature in the tanks was maintained at 27°C reflecting the 

temperature recorded in the field during larval collection. The response of ocellated wrasse 

juveniles to predator cue was tested in a standard two-channel choice flume (Gerlach et al. 2007) 

bordered by a black plastic to avoid fish obtain any other stimuli from the surroundings. Two water 
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streams were independently gravity fed into the two channels of the flume at 100 ml min-1 rate. 

Responses of both gabazine-treated and non-treated larvae were tested with two different 

combinations of flows: 1) seawater with predator cue vs seawater and 2) seawater vs seawater 

(without predator cue). This latter treatment was included to preliminary test for any potential ‘side’ 

effect, i.e. a preference of the fish individuals for a specific side (left or right) of the two-channel 

flume. In addition to this and for the same reason, during the ‘seawater with predator cue vs 

seawater’ experiment, the side of the predator cue was randomly assigned to the different trials. The 

gabazine treatment consisted in placing single fish in a 100 ml container with a solution of 4 mg l-1 

gabazine for 30 minutes immediately before testing in the flume (Nilsson et al. 2012). To avoid any 

potential artifact effect gabazine non-treated fish were also placed in the 100 ml container with 

seawater only for 30 minutes before testing.  

For each trial, a single fish was placed in the center of the downstream end of the flume and after a 

three-minute acclimation period, its position was video-recorded every three seconds for the next 

two minutes with a video-camera positioned above the flume. Observations were independently 

collected, therefore a single combination of treatments was considered in each trial  

To obtain the water with predator cue, a specimen of Serranus scriba (TL: 185 mm) was catched 

using a baited trap from the ambient CO2 site and kept in a 20 l tank for 12 hours at constant 

temperature (26°C) with a continuous seawater flow. The flow was turned off for three hours, 

before a sample of water with the predator cue was used for the choice test. Recruits from both CO2 

conditions were tested within 12 hours from their collection in the field. The experiment was carried 

out using off-shore seawater to avoid any potential bias associated to other benthic cues. Seawater 

belonged from ambient conditions as no behavioural effects are influenced by using Ambient or 

CO2 enriched water (Munday et al. 2016). After each trial, each individual was gently euthanized, 

measured and frozen for subsequent analyses on otoliths, which are currently underway. 
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Data analyses 

 

A Kolmogorov-Smirnov test was performed to compare the two size frequency groups of tested S. 

ocellatus larvae collected from both pCO2 sites. Two linear regressions were run in order to show 

any possible relation between the size of the larvae and the time spent in the side with predator 

odor.  

A three-way PERMANOVA with cue (predator/seawater and seawater/seawater), CO2 site 

(Ambient and High) and gabazine (treated and non-treated) as fixed factors, was used to compare 

percent time the ocellated wrasse larvae spent in the side of the flume with predator cue.  

 

Results 
 

Data for average seawater pH, TA, salinity and temperature at collection sites are summarized in 

Table 1. I found that pH and pCO2 were different between sites ranging on average from 7.94 and 

752 µatm at the High CO2 site to 8.13/428 µatm at the Ambient CO2 site. TA, salinity, and 

temperature did not vary among sites. 

 
 

 

 

Table 1 - Carbonate chemistry from High CO2 and Ambient CO2 sites. Data are mean ± SD. 

 

Site pHNBS TA (µmol kg-1) Salinity Temperature (°C) 

Ambient CO2 8.13 ± 0.01 2507 ± 18 38.2 ± 0.03 27.22 ± 0.12 

High CO2 7.94 ± 0.04 2484 ± 10 38.2 ± 0.04 27.38 ± 0.01 
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Table 2 - Average pCO2 values continuosly recorded at the two recruitment sites off Vulcano Island CO2 gradient by 

the HydroC II Contros CO2 sensor. Data are mean ± SD. 

Site 

pCO2 

Mean Median Min value Max value 

Ambient CO2 428 (±47) 433 333 530 

High CO2 752 (±221) 766 430 1407 

 

 

When preliminary testing the ocellated wrasse recruits for any potential ‘side’ effect of the two-

choice flume, I found individuals belonging to Ambient CO2 exhibiting an average 76.9 % (± 3.6 

SE; n=9) time spent in the right side. By contrast, those belonging to the High CO2 did not show a 

clear preference with 54.2 % (±5.7 SE; n=9) time spent in the same side (Fig. 1).  

 

 

Figure 1 – Preliminary tests for assessing a potential side preference of S. ocellatus recruits in the two-

channel flume. Offshore seawater without predator cue was offered to fish from both chamber sides. Bars 

are mean percentage time (± SE) spent in each side of the two-choice flume by fish from Ambient and 

High CO2 sites. 
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Unexpectedly, fish from both CO2 recruitments sites spent significantly less time in the side with 

predator odour (Fig. 2; PERMANOVA; Pseudo-F= 67.728, Pperm <0.001; Table 3) independently 

from the gabazine treatment (Table 3).  

 

 

Figure 2 – Preference of S. ocellatus recruits for seawater with or without predator cue. Graph shows the 

mean percentage time (± SE) spent in each water stream by gabazine treated and no treated fish collected 

from Ambient and High pCO2 sites. n=15 for each gabazine/pCO2 combination treatment, except for fish 

collected from Ambient pCO2 site and not treated with gabazine (n=16). 
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Table 3 – Three-way PERMANOVA on response of ocellated wrasse recruits. Three factors were 

considered: Cue (predator cue or seawater), CO2 site (Ambient and High) and Gabazine (treated and non-

treated). Significant differences are in bold. 

Factor df Pseudo-F P (perm) 

Cue 1 67.728 0.0001 

CO2 site 1 0.1093 0.7324 

Gabazine 1 0.1726 0.6852 

Cue x CO2 site 1 0.1202 0.786 

Cue x Gabazine 1 0.1044 0.8255 

CO2 x Gabazine 1 2.8512 0.0971 

Cue x CO2 x Gabazine 1 0.8471 0.3585 

Residuals 53 
  

Total 60     

Total 60     

 

As this result could be biased by a preliminary observed side preference under ambient CO2 

condition, in addition to switching the direction of the predator cue between trials, I analysed 

responses of Ambient CO2 fish when the predator cue came from the right side (Fig. 3). Results 

clearly showed these individuals avoided the predator cue with an average 80.6% (±1.8 SE; 

n=17) time spent in the non-predator cue. This response is similar to that recorded in the main 

test ‘predator odor vs. seawater’ and further suggests ocellated wrasse were able to do a choice 

and to recognize risk odor. 
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Figure 3 – Preference of S. ocellatus recruits belonging to Ambient CO2 for seawater with or without 

predator cue. In this case, the predator cue always belonged to the right side of the two-channel flume. 

Bars show the mean (± SE) percentage time spent in each water stream (n=17). 

 

 

Fish collected from the high CO2 site were bigger than those from the Ambient CO2 site (High 

CO2: mean TL=21.0 mm ± 3.1 SD n=53; Ambient pCO2: mean TL=17.9 mm ± 2.5 SD n=50; 

Fig. 2). Kolmogorov-Smirnov test showed significant differences between size classes of larvae 

collected from the two pCO2 sites (p < 0.001, D= 0.4678; Fig. 4). Despite these size differences, 

no relation between fish total length and the time spent in the water with the predator cue for 

both CO2 conditions (Ambient CO2 site: r2=0.0863; High CO2 site: r2=0.0043, p>0.05; Fig. 5) 

were found. 
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Figure 4 – Comparison of the two size frequency groups of juveniles collected from Ambient CO2 site 

(solid line, n=53) and High CO2 site (dotted line, n=50). 
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Figure 5 – Relation between size (TL, mm) and time spent in seawater with predator odor by juveniles 

from Ambient (light grey circles) and High pCO2 (dark gray circles) sites. Each circle represents an 

individual. Fish treated with gabazine were not considered. 

 

 

Discussion  
 

The present study suggest that pCO2 levels predicted for the next decades will not affect risk 

perception in the ocellated wrasse S. ocellatus recruits. When tested ex-situ in a two-channel flume, 

gabazine-treated and –untreated fish collected from ambient and high CO2 sites spent most of the 

time in the water without predator odor, suggesting that prolonged exposure to elevated CO2 

concentrations did not affect fish ability to recognize risk olfactory signals. Preliminary tests 

excluded that preference for a specific side was indipendent from the presence of predator odor. 

Indeed, fish from ambient CO2 site spent significant more time in the right side of the chamber 

when seawater without predator cue was offered to fish from both chamber sides, whereas they 
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strongly avoided predator odor when water with this cue belonged to the right side of the two-

channel flume.   

My findings are in contrast with previous studies showing severe effects of OA on fish behaviour 

and cue recognition. Several laboratory-based experiments found that fish reared at high CO2 

concentrations were unable to properly respond to olfactory cues (reviewed in Clements & Hunt 

2015). For instance, it has been demonstrated that high CO2 concentration caused the unability to 

distinguish between odours of suitable and unsuitable habitats (Devine et al. 2012; Devine & 

Munday 2013) or between odours of predatory and non-predatory species (Dixson et al. 2010; 

Munday et al. 2010; Nilsson et al. 2012). A study conducted in Papua New Guinea, described 

identical sensory impairments and behavioural effects in fish living in CO2 seeps, suggesting that 

chronical exposure does not reduce the effect of high CO2 on fish behaviour in natural reef habitat 

(Munday et al. 2014).  

Whilst behavioural impairments on fish exposed to high CO2 were widely demonstrated for tropical 

and coral reef species, studies of OA impact on temperate species reported mixed and variables 

results showing behavioural tolerance (Melzner et al. 2009; Maneja et al. 2013; Jutfelt & Hedgärde 

2015; Duteil et al. 2016), or negative effects on lateralization, phototaxis, activity and predator 

recognition (Faleiro et al. 2015; Forsgren et al. 2013; Jutfelt et al. 2013; Lai et al. 2015; Lopes et al. 

2016; Pimentel et al. 2014b). This variability in temperate fish sensitivity has been also observed 

among different behavioural traits of the same species. A recent study on the effects of OA on the 

temperate wrasse Ctenolabrus rupestris showed that high CO2 did not affect lateralization and 

swimming activity of adults, whereas their ability to recognize predator odor was impaired (Sundin 

& Jutfelt 2016). All these evidences support the hypothesis that OA effects are specie-specific and 

could be mediated by specific fish traits (see chapter 2). 

Showing no effects of high CO2 on sensory ability of S. ocellatus recruits, the results of my 

experiment suggested that the ocellated wrasse could be a tolerant species to expected OA. Two 
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recent studies conducted in the same study area and on the same species model showed no effects of 

high CO2 on the behaviour of breeding adults (Milazzo et al. 2016; see chapter 3), and on the 

metabolism of embryos (Cattano et al. 2016; see chapter 4). However, these studies also suggested 

that OA could determine more subtle effects, as spawning ability of S. ocellatus dominant males 

was lower in high CO2 than in ambient conditions, and embryos displayed high metabolic rates and 

altered development if acutely exposed to higher CO2 concentrations. Here I confirm a high CO2 

tolerance of the ocellated wrasse when recruits experienced elevated pCO2 levels off the Vulcano 

seeps.  By contrasts, the few behavioural experiments carried on fish populations chronically 

exposed to natural high CO2 revealed a consistent impairment of predator cue recognition in four 

tropical damsefish species (Munday et al. 2014) and reduced predator-avoidance behaviour in a 

temperate goby (Nagelkerken et al. 2015).  

Despite this study showed no effects of high CO2 on olfactory-mediated predator detection by 

settled larvae, I found significant differences in fish size between the two CO2 sites, with high CO2 

recruits being significantly bigger than those collected from ambient conditions. Despite the 

differences in total lenght between different CO2 sites, the ocellated wrasses ability to recognize 

their predator cue was not size-dependent.  

Other studies previously reported increased growth rate in fish reared at high CO2. For instance, 

Munday et al. (2009c) showed that whilst no effects were detected in embryos of orange clownfish 

Amphiprion percula, settled larvae reared under acidified seawater were 15-18% bigger than fish 

reared at ambient conditions. Although larvae exposed to acidified seawater have to increase ions 

exchange to restore homeostatic balance in their body, it has been suggested that this greater 

regulatory activity could stimulate appetite and dietary uptake (Munday et al. 2009c). Alternatively, 

larvae reared at high CO2 could reduce their activity levels, thereby reducing their energy 

expenditure. Fish could benefit from this effect as bigger larvae may exhibit better performances 
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and survival in the wild, because of their enhanced swimming ability and more efficient predator 

avoidance (Miller et al. 1988).  

In summary, this study showed that recruits belonging to a population chronically exposed to high 

CO2 concentrations did not lose their ability to recognise the smell of a common predator, but 

exhibited larger size than those living under ambient CO2 conditions. These results add on recent 

evidence that sensitivity to OA could be specie-specific, as studies on other temperate species 

reported opposite evidences showing strong effects of CO2 on predator detection through olfactory 

cues and on anti-predator related responses (Lai et al. 2015; Sundin & Jutfelt 2016). However, 

unlike precedent laboratory investigations, this is one of the few attempts aimed at describing the 

behaviour of fish naturally exposed to OA in the wild. This kind of investigation may contribute to 

a deeper understanding of fish responses to rising CO2, suggesting that populations chronically 

exposed to high-CO2 conditions could show plasticity mechanisms that encompass epigenetics 

effects through parental exposure (Allan et al. 2014; Welch et al. 2014). Moreover, species whose 

adults exhibit small home range, such as S. ocellatus, could display high self-recruitment rates 

(Basterretxea et al. 2012; Carreras-Carbonell et al. 2007; Jones et al. 2005; McPherson and 

Raventos 2006), that may further favour potential acclimation ability and adaptation. In this context, 

this study identifies a need to increase the number of studies dealing with these processes under 

future CO2 conditions and to expand these to naturally high-CO2 environments where long-term 

selective pressure could enhance species tolerance. 
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Chapter 6 –Exposure to high CO2 concentrations alters 

shelter use but not escape response in a tropical damselfish 

 
 

 

Introduction 
 

Absorbing part of the CO2 from the atmosphere, Oceans mitigate the effects of human activity on 

the global climate, but at the cost of deep changes of their physical and chemical characteristics. 

Increasing CO2 concentration in the seawater determines the drop of pH and the process known as 

Ocean Acidification (OA). Projections suggest that if global policy will not put in force mitigation 

measures to reduce CO2 emissions, end of century seawater partial pressure of CO2 (pCO2) will 

approximate to 1000 µatm and pH will further drop by 0.3 units (Hoegh-Guldberg et al. 2014; 

Pörtner 2014). Changes in the carbonate chemistry of the oceans will affect a wide range of marine 

taxa including fish, despite they are generally considered more resilient to high CO2 concentrations 

(Ishimatsu et al. 2008; Melzner et al. 2009). A growing number of experiments showed that fish 

reared at pCO2 levels expected for the next decades display altered survival, development, 

calcification (Heuer & Grosell 2014; see chapter 2). However, likely the most well known OA-

induced response in fish concerns the alteration of some behavioural traits, often linked to 

neurosensory dysfunctions (reviewed in Clements & Hunt 2015). Fish exposed for at least 2-4 days 

to ~600-900 µatm pCO2 lose their ability to recognize suitable habitats for settlement (e.g. Munday 

2009; Devine et al. 2012) or are attracted by cues they normally avoid (Dixson et al. 2010; Munday 

et al. 2010, 2014; Sundin & Jutfelt 2016). In addition to this, OA seems to cause riskier behaviour, 

increased activity rates, and alteration of cognitive processes (e.g. lateralization) associated with 

anti-predator response, spatial orientation and escape reactivity (Domenici et al. 2012, 2014; Jutfelt 

et al. 2013; Lai et al. 2015; Munday et al. 2010, 2013; Sundin & Jutfelt 2016;). The documented 
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behavioural disruptions are due to interference of CO2 with GABAA receptors functioning, the main 

inhibitory neuro-receptors in animals (Nilsson et al. 2012; Heuer et al. 2016; see chapter 5). All 

these effects could lead to severe implications for fitness and survival (e.g. Munday et al. 2012). 

However, to date many assessments of CO2-mediated effects on fish behaviour originated from 

laboratory-based studies, in which sensitivity to OA of gregarious species was evaluated measuring 

performances of individuals in isolation, without considering as an example their social context, 

which was recently demonstrated to modulate the effect of pCO2 on fish (Nadler et al. 2016a). 

Indeed, living in groups improve predator avoidance, foraging opportunities and energy use (Pitcher 

& Parrish 1993), and individuals accustomed to leave in social groups exhibit reduced stress when 

associated with conspecifics (Hennessy et al. 2009).  In addition, as the “many eyes” theory 

suggests, predatory threat detection is enhanced in fish groups compared with solitary individuals 

(Ward et al. 2011). Therefore, the effects of the social context may be key in affecting fish 

responses under ocean acidification (Nadler et al. 2016b).  

Escape response and hiding in shelters are important behaviours with direct effects on survival from 

predation. In response to a predation risk, fish generally show a fast escape in which they bend into 

a “C” shape before a propulsive stroke (Domenici & Blake 1997). It has been shown that 

environmental factors, such as temperature, hypoxia, and turbidity, can modulate escape 

performance (Domenici et al. 2010), but less is known about the effects of OA on this crucial 

behaviour. Escape response consists on a series of non-locomotor (e.g. response latency) and 

locomotor (e.g. speed and acceleration) components, whose performances have both neurologic and 

metabolic basis. The C shape response is triggered by specific cells of the central nervous system, 

called Mauthner cells (Eaton et al. 2001), whereas the locomotor components are mostly affected by 

alteration of energetic budget. To fill the gap in OA studies, here I evaluated the effects of pCO2 

values predicted for the end of this century (i.e. ~ 900 µatm) on anti-predator-related responses of a 

gregarious coral-reef species. In particular, I set up two experiments to assess how ocean 
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acidification could affect fish escape kinematics, and the use of shelter under predatory risk in 

groups of the blue-green puller Chromis viridis, a coral associated shoaling species widespread in 

coral reefs of the Indo-Pacific region (Lecchini et al. 2005; Ben Tzvi et al. 2010).  

 

Material and Methods 
 

Fish maintenance and CO2 treatment 
 

On April 2016 juveniles of C. viridis (total length; 3.0 ± 0.2 cm SD) were collected from the reef  in 

the north-west side of the Gulf of Aqaba (29°30'16.9"N 34°55'07.4"E) using hand nets, and were 

immediately transferred to the Red Sea Simulator (see below). Fish were maintained for two days in 

two different 35-L aquaria with a continuous flow of filtered seawater matching field temperature 

conditions (23°C). After this acclimation period, fish were randomly assigned to four different 

tanks, two for each treatment (control or high pCO2 conditions, Table 1), and were reared at these 

conditions for five days before experiments. Previous studies have demonstrated that four days of 

exposure to altered pCO2 is the minimum time to observe behavioural effects on fish, and longer 

exposure does not produce any acclimation of behavioral responses (Munday et al. 2013). During 

the two-day acclimation period and the five-day CO2-treatment, fish were daily fed Artemia nauplii 

ad libitum until 12 hours before the experiments. Fish from both control and high CO2 treatments 

were tested on the same days, to ensure identical exposure and acclimation times for both treatment 

groups. After completing the behavioral trials, all fish were released in their natural habitat. 

The Red Sea simulator 
 

The Red Sea simulator is located at the Interuniversity Institute for Marine Sciences (IUI) in Eilat 

(Israel). This facility allows the application of “delta treatments” of several environmental factors. 

The principle of this consists in shifting a single or a combination of environmental parameters (i.e., 

temperature, pH, oxygen, nutrients) to projected levels for the future, allowing to fluctuate a natural 
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frequency and amplitude. For the present experiments, seawater was pumped from 30 meters depth 

and pre-filtered (200µm mash). Seawater pH was adjusted in 2000 L holding tanks where CO2 is 

bubbled to decrease seawater pH. Well-mixed filtered (200 µm) water continuously flows into the 

corresponding test tanks (80 40 liter tanks). A pH probe (SeaFET, Satlantic, Halifax, Canada) 

reports pH of nearby reef water to the system and the set value of the pH in the aquarium is a delta 

from reef pH value. A two-armed robot, equipped with temperature (PT100), dissolved oxygen 

(VisiFerm DO ARC 120, Hamilton, Switzerland) and pH (POLILYTE PLUS ARC 120, Hamilton, 

Switzerland) probes on each arm, monitors each aquarium. Using only two sets of probes on 64 

aquariums (40 L) decreases the probability of discrepancy between probes and errors arising from 

probe calibration. In addition, each aquarium is equipped with permanent probes used to feedback 

the pH and temperature control. The robot completes a monitoring cycle within 30 min (~1 min in 

each aquarium; 24/7) and then returns to the starting point. Data collected by the robot is managed 

by the Crystal-OPC software and stored in a database on the IUI server. Online data is available for 

each aquarium and alarms are sent in case of excursions from the desired value. Salinity and Total 

Alkalinity were measured by an automated float in the reef adjacent to the IUI Institute. Average 

pCO2 was calculated with the program CO2 SYS, from measured pH, temperature, salinity and 

alkalinity (Pierrot & Wallace 2006; Table 1). 

 

Table 1 - Summary of seawater parameters in control and High CO2 treatment 

 

Control High CO2 

pHnbs 8.15 7.92 

pCO2 (µatm) 508 827 

Temperature (°C) 22.1 (0.3) 22.1 (0.4) 

Salinity 40.7 40.7 

Total Alkalinity (µmol kg-1) 2503 2503 
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Escape response experiment 
 

After the 5-day exposure to control and high CO2 conditions, the escape response of the damselfish 

was tested. For each CO2 treatment, groups of three fish at a time were transferred from the rearing 

tanks to a transparent circular arena (diameter 200 mm, height 40 mm) with shallow water depth 

(25 mm) in order to limit vertical movement of fish during the test. After 10 minutes of acclimation, 

an escape response was elicited banging the water surface with a plastic stick. The fish response 

was filmed at 500 frames per second using a high-speed camera placed at a distance of 800 mm 

above the arena.  

Escape response variables were obtained for 42 fish (21 for each CO2 condition) using the image 

analysis software Image J. The x-y coordinates of the head and the tail of each fish were manually 

tracked in each frame from the time of stimulation until the end of the escape response. The 

following variables for each fish were measured:  

1. Latency to respond (s): the time between the stimulus onset and the first detectable movement of 

the escape response  

2. Response duration (s): the time between the beginning and the end of the response (i.e. the 

duration of stages 1 and 2 based on Domenici and Blake 1997) 

3. Speed (m x s-1): calculated for each of the three fish on the basis of the distance travelled during 

the escape response.  

4. Max acceleration (m x s-2) during the escape response; 

5. Curvature index: the ratio between maximum and minimum curvature of the fish during the 

escape response. 
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Shelter use experiment 
 

A second experiment was carried out to assess how the two different pCO2 conditions crossed with 

predator present/absent may change the use of the shelter by C. viridis juveniles. For this purpose, 

three different experimental tanks (20 l) were used and each of them was subdivided in two sectors 

by a vertical stiff mesh and equipped with continuous water flow. Each aquarium was surrounded 

on the four sides by black plastic to avoid fish observing adjacent tanks, and was equipped in the 

first sector with a dead coral (hard coral of the genus Acropora) creating a shelter. The predator was 

an individual of Epinephelus fasciatus (TL: 18 cm) collected at 4 meters depth by hand net, which 

was placed randomly on one side of the tank. Groups of three juveniles of C. viridis at a time were 

transferred from the rearing tanks to the the experimental tanks for each treatment (control CO2 

with predator, control CO2 without predator, high CO2 with predator, high CO2 without predator). 

Preliminary observations showed that fish spent all the time inside the shelter if they were tested in 

isolation, independently from pCO2 treatment and predator presence, probably due to the gregarious 

habits naturally exhibited by this species during this life stage. For each treatment with the different 

CO2 and predator combination, behaviour of juveniles was recorded for 5 minutes using a digital 

video camera above the tank (pre-fed treatment). First 15 minutes were not analysed because were 

considered further acclimation time to the new experimental tank conditions. At the end of the pre-

fed treatment, fish were scared to enter the shelter and a fixed amount of Artemia sp. was 

introduced on one side of the tank with a plastic pipette (5 ml). The behaviour of fish individuals 

was filmed for additional 1 minute (during-fed period). Then, the videos were analyzed with 

software Image J and the centroid of the fish group was recorded every 5 seconds both in the pre-

fed and during-fed treatments. Fish group centroid was obtained applying the following formula: 

(X1Y1 + X2Y2 + X3Y3)/3 
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Where X1Y1, X2Y2, X3Y3 were the position of the fish 1, 2 and 3, respectively, and 3 was the 

total number of fishes.  

The following variables were obtained: 

 Proportion of time spent inside the shelter, calculated as the number of frames in which the 

group centroid was inside the shelter out the total number of analyzed frames 

 Mean distance of the group centroid from the shelter 

 Time to emerge from the shelter after being chased, calculated from the introduction of the food 

in the tank 

 

Data analysis: Escape response 
 

Linear mixed effects models (LMSs) were used to analyze fish escape response. The response 

variables used were the follows: Latency, Response duration, Speed, Acceleration and Curvature 

Index. CO2 treatment was used as a fixed effect, while replicates in each treatment were used as a 

random effect. Doing so, the intercept term was allowed to vary across replicates and allowed to 

make inference about the fixed effect (i.e. the treatment), which represented theaverage 

characteristics of the sampled population and the variability amongst individuals. Visual inspection 

of residual plots did not reveal any obvious deviations from homoscedasticity and normality. The 

significance of each model was obtained by likelihood ratio tests between these ones and the null 

model without effect. Analyses were performed using the ‘nlme’ package (Pinheiro & Bates 2006) 

in the R Statistical Software (R Core Team, 2016). 

Data analysis: Shelter Use 
 

Poisson generalized linear models (GLMs) with a log-link function were used to analyze the 

differences in shelter use during pre and in post-feeding, in presence and in absence of the predator 

at control and high CO2. Specifically, I used as response variables the “Proportion time inside the 
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shelter”, the “Mean distance from the shelter” and the “Time to emerge from the shelter”, while as 

main effects and their interaction the CO2 (two levels: Control and High) and Predator (two levels: 

Presence and Absence). Usually, in general linear model, the analysis of covariance was effectuated 

by using type I sums of square, here due to the unequal sample size and also because I was 

interested in the simultaneous effect of the two factors (CO2 and Predator), the type III general 

linear models for unequal sample size was used. Furthermore, Post-hoc analysis was performed for 

those models in which the interaction term was significant. All the analyses were performed by the 

use of the R Statistical Software (R Core Team, 2016), and the post-hoc analysis by the use of the 

‘car’ package (Fox 2002). 

 

Results 
 

Escape response 
 

Total length of C. viridis juveniles used for the escape response experiment ranged between 2.6 and 

3.4 cm and no size differences were detected between juveniles exposed to control and high CO2 

conditions (Fig.1). Importantly, no effects were detected in CO2 exposed fish for all the escape 

performance indicators (Fig. 2; Table S1). Mean latency was 0.015 (±0.006 SE) sec. and 0.016 

(±0.007 SE) sec. for fish exposed to control and high CO2 conditions, respectively (Fig. 2a). The 

average duration of escape response ranged between 0.027 (±0.001 SE) sec in control condition and 

0.028 (±0.002SE) sec for fish reared at high pCO2 levels (Fig. 2b). Speed and max acceleration 

were respectively 0.853 (±0.060 SE) m/sec and 0.589 (±0.060 SE) m/sec2 in control conditions, 

0.805 (±0.063 SE) m/sec and 0.698 (±0.073 SE) m/sec2 in High pCO2 conditions (Fig. 2c, d). 

Curvature index was not significantly different for fish reared in high CO2 compared with control 

water, despite there was a tendency for a higher index in high CO2 fish (Fig. 2e). 
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Figure 1 - Mean total length (±SD) of juveniles tested for the escape response. n=21 control; n=21 CO2 

 

 
 

Figure 2 - The effects of control and CO2 treatments on the escape performance of C. viridis juveniles. 

The variables are: a) latency, b) response duration, c) speed, d) acceleration, e) curvature index. 
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Shelter use 
 

In predator absence, no differences were found in the proportion of time spent inside the shelter by 

juveniles of C. viridis reared in Control and High CO2 conditions (Fig. 3a; Table S2). Similarly, the 

distance from the shelter did not differ between fish reared in the two CO2 conditions [Ambient: 

6.72 (±2.08 SE) cm; High CO2: 7.23 (±2.51 SE) cm] (Fig. 3b; Table S3). When the predator was 

present, the response of juveniles significantly differed between CO2 treatments. Fish reared in 

ambient conditions spent on average 30% more time inside the shelter than fish reared in High CO2 

(Fig. 3a). Accordingly, mean distance from the shelter was significantly higher in fish reared in high 

CO2 conditions (Fig. 3b). When the food was introduced in the arena, the time to emerge from the 

shelter did not differ between CO2 conditions in absence of the predator, whereas fish reared in 

ambient CO2 conditions took significant more time than High CO2 individuasls to emerge from the 

coral shelter when the predator was present (Fig. 4; Table S4). Interestingly, high CO2 conditions 

fish shelter use indicators did not change with or without the predator (Table S2-S4).  
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Figure 3 – The effects of Control and High CO2 treatments on the shelter use (mean proportion of time 

inside the shelter and mean distance from the shelter) displayed by juveniles of C. viridis in 

presence/absence of their predator. Different letters (a, b) indicates significant differences in the pair-

wise contrasts (see Table S2 and S3). The number of independent individual groups tested for each 

treatment is also reported. 
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Figure 4 – The effects of Control and High CO2 treatments on the time to emerge from the shelter 

displayed by juveniles of C. viridis in presence/absence of their predator. Different letters (a, b) indicates 

significant differences in the pair-wise contrasts (see Table S4). The number of independent individual 

groups tested  for each treatment is also reported. 

 

Discussion 
 

The results of this study add on previous evidence that short-term exposure to high CO2 levels may 

affect the fish perception of a preadation threat. Indeed, this study showed that juveniles of the blue-

green puller C. viridis  displayed bolder behaviour (i.e. higher distance, longer time outside and 

lower time to emerge from the shelter) at High CO2, in the presence of a predator threat. By 

contrast, escape response performance was not affected, as none of the kinematic traits (i.e. speed, 

acceleration, curvature index, latency and response duration) linked to this anti-predator behaviour 

was altered after high CO2 exposure. The non-significance of the escape performance tests here 

presented is consistent with a previous study showing no effects on adults of Engraulis japonicus 

after 1-month exposure to acidifed seawater (Nasuchon et al. 2016). However, other studies 

reported different results, suggesting that impact of OA on kinematic components of escape 
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response changes among species and over ontogenetic development. For instance, Allan et al. 

(2014) reported lower escape performance (responsiveness, speed and distance travelled) in 

juveniles of Amphiprion melanopus after 11-day exposure to CO2 concentrations expected for 2100 

(i.e. ~ 1000 µatm) and Munday et al. (2016) showed that CO2-reared larval clownfish exhibited 

slower response to a threat stimulus compared with fish kept in ambient control water. 

Escape response of fish is fundamental for their survival as it represents the first mechanism 

displayed to avoid predation (Domenici et al. 2010). This complex behaviour consists of a number 

of kinematics variables, such as responsiveness, speed, escape latency and distance-derived 

performance, and the alteration of some of these components could increase the risk of predation. 

Although I found no effects of OA on kinematic of escape response on C. viridis, this does not 

imply that this species will be less vulnerable to predation in future high CO2 oceans, as other 

aspects of their anti-predator behaviour may be affected as well.  

Regarding to this, the second experiment of the present study showed that juveniles exposed to 

acidified seawater exhibited bolder behaviour than control-reared fish in presence of a predatory 

threat. After high CO2 exposure, C. viridis juveniles exposed to visual and olfactory predatory cues 

spent almost two-fold more time outside the shelter, ventured 20% farther from the shelter and 

employed a five-fold less time to emerge from the shelter than individuals reared at control 

conditions. As suggested by other authors, bolder behaviour exhibited by high-CO2 fish in the 

presence of their predator may increase their mortality rates, making them potentially more 

sensitive to predation (Munday et al. 2010). However, consequences of bolder behaviour do not 

necessary deal only with increased mortality due to predation. Greater activity rates observed in 

bold individuals could also affect energy budgets, potentially increasing energy need and leading to 

decreased growth rate, unless individuals may compensate by increasing food ingestion (Mamuneas 

et al. 2015). Nevertheless, Munday et al. (2014) reported increased boldness and activity rates but 

not alteration of metabolic rates in individuals of four coral reef species collected from a natural 
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high CO2 site (i.e. off a CO2 seeps), suggesting that this hypothesis need further and specific 

investigations. In addition to this, a number of examples described increased activity and boldness 

in fish reared at high CO2 referring as as a negative effect (Lönnsted et al. 2013; Munday et al. 

2010, 2013) or documented increased mortality due to predation in fish exhibiting these behavioural 

impairments (Chivers et al. 2014; Ferrari et al. 2011; Munday et al. 2010). Chromis viridis is a 

strictly shelter-associated species, therefore I expect that becoming bolder under high CO2 could be 

seen as a negative effect for its ecological performance. However, shy behaviour could limit the 

time spent in foraging and consequently affect the growth. As many food-rich habitats are 

characterized by abundance of predator, fish have to decrease predation risk and maximize growth 

making a trade-off between foraging and sheltering (Nagelkerken et al., 2008). The decisions that 

are made, based on predator and food availability, rely greatly on risk perception. 

An additional important result of this study refer to the role of the social context for this gregarious 

species. Preliminary surveys I made revealed a very low responsiveness of single individuals both 

in High and Ambient CO2 conditions. The majority of studies investigating the anti-predator 

response in high CO2 context, tested individuals singularly even if the studied species was 

gregarious for all their life or during specific life stages. However, it has been showed that fish 

habituated to a social environment may cope with environmental stress when are associated with 

conspecifics (Nadler et al. 2016b). Despite this, when tested in groups of three individuals, the 

social context of C. viridis did not seem to mitigate a CO2 effect on their shelter use.  

In summary, this study suggested that juveniles of a damselfish species widespread in tropical 

oceans could increase their risk of mortality due to predation in a high CO2 ocean. Indeed, despite I 

did not observed effects on escape response performance, their bolder behaviour under high CO2 

could potentially lead to increased mortality of juveniles, with potential consequences for 

population replenishment. However, how future oceanic environment may affect predator behaviour 

in a prey-predator contest is still underknown and need further elucidations. 
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Supplementary data 
 

Chapter 6 – Exposure to high CO2 concentrations alters 

shelter use but not escape response in a tropical damselfish 

 

 

List of contents:  

Table S1. Linear mixed model showing relation among escape response variables and CO2 

treatments.  

Table S2. Poisson glm (Type III sums of square) and pairwise comparison on proportion of time 

spent inside the shelter by C. viridis juveniles in the different CO2 and predator combination 

treatments. 

Table S3. Poisson glm (Type III sums of square) and pair-wise comparison on distance from the 

shelter displayed by C. viridis juveniles in the different CO2 and predator combination treatments. 

 Table S4. Poisson glm (Type III sums of square) and pair-wise comparison on time to emerge from 

the shelter displayed by C. viridis juveniles in the different CO2 and predator combination 

treatments.  

 

 



 

198 
 

 

 

Table 1 – Linear mixed model showing relation among escape response variables and CO2 treatments. 

Significance was calculated by comparing each model with a null model (p-value null). 

Latency             

                   Value SE DF t-value p-value p-value (null) 

(Intercept)   0.015714 0.006897 40 2.278443 0.0281 

 CO2 (Control)    -0.00105 0.009754 40 -0.10741 0.915 0.9124 

 
      Response 

duration 
          

                   Value SE DF t-value p-value p-value (null) 

(Intercept)   0.028476 0.002246 40 12.68042 0 

 CO2 (Control)   -0.00152 0.003176 40 -0.47981 0.634 0.6235 

       Speed             

                 Value SE DF t-value p-value p-value (null) 

(Intercept)  0.805511 0.060169 40 13.38737 0 

 CO2 (Control)   0.048135 0.085092 40 0.565676 0.5748 0.5629 

 
      Max 

Acceleration 
          

                  Value SE DF t-value p-value p-value (null) 

(Intercept)   0.698476 0.068424 40 10.208 0 

 CO2 (Control)     -0.10867 0.096767 40 -1.12298 0.2681 0.2535 

 
      Curvature 

Index 
          

 
Value S.E. DF t-value p-value p-value (null) 

(Intercept)  0.637443 0.023107 40 27.58609 0 

 CO2 (Control)   -0.05842 0.032679 40 -1.78778 0.0814 0.0724 
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Table S2 – Poisson glm (Type III sums of square) and pairwise comparison on proportion of time spent 

inside the shelter by C. viridis juveniles in the different CO2 and predator combination treatments. 

Significance was indicated by ***  (< 0.001). ns: not significant. 

Prop. Time inside shelter         

 

LR Chisq DF Pr(>Chisq)     

Predator 17.7 1 *** 

CO2 31.289 1 *** 

Predator:CO2 33.209 1 *** 

 Pair-wise contrasts           

                             Estimate SE z value Pr(>|z|) 

High, No pred - Control, No pred == 0     0.0123 0.07955 0.155 ns 

High, No pred - High, Pred == 0       0.08455 0.0827 1.022 ns 

High,No pred - Control, Pred == 0    -0.51995 0.07504 -6.929 *** 

Control, No pred - High, Pred == 0    0.07225 0.07589 0.952 ns 

Control, No pred - Control, Pred == 0  -0.53225 0.06746 -7.889 *** 

High, Pred - Control, Pred == 0   -0.6045 0.07114 -8.497 *** 

 

 

 

 

Table S3 - Poisson glm (Type III sums of square) and pair-wise comparison on distance from the shelter 

displayed by C. viridis juveniles in the different CO2 and predator combination treatments. Significance was 

indicated by ***  (< 0.001). ns: not significant. 

Distance from shelter     

 

LR Chisq DF Pr(>Chisq) 

Predator 182.359 1 *** 

CO2 171.893 1 *** 

Predator:CO2 63.089 1 *** 

     Pair-wise contrasts       

                             Estimate SE z value Pr(>|z|) 

High, No pred - Control, No pred == 0     0.071468 0.018612 3.84 *** 

High, No pred - High, Pred == 0      0.076668 0.019074 4.02 *** 

High, No pred - Control, Pred == 0    0.366761 0.021153 17.339 *** 

Control, No pred- High, Pred == 0    0.005201 0.017741 0.293 ns 

Control, No pred - Control, Pred == 0  0.295293 0.019959 14.795 *** 

High, Pred - Control, Pred == 0   0.290093 0.02039 14.227 *** 
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Table S4 - Poisson glm (Type III sums of square) and pair-wise comparison on time to emerge from the 

shelter displayed by C. viridis juveniles in the different CO2 and predator combination treatments. 

Significance was indicated by *** (< 0.001). ns: not significant. 

Time to emerge from shelter         

 

LR ChisqDF Pr(>Chisq) 

Predator 14.8 1 *** 

CO2 17.827 1 *** 

Predator:CO2 11.669 1 *** 

     Pair-wise contrasts           

                                     Estimate S.E. z value Pr(>|z|) 

High, No pred -High, Pred  == 0      -0.04652 0.34188 -0.136 ns 

High, No pred - Control, No pred == 0     -0.10821 0.3315 -0.326 ns 

High, No pred - Control, Pred == 0   -1.59505 0.28688 -5.56 *** 

High, Pred - Control, No pred == 0    -0.06169 0.28968 -0.213 ns 

High, Pred - Control, Pred == 0   -1.54853 0.23733 -6.525 *** 

Control, No pred - Control, Pred == 0  -1.48684 0.22211 -6.694 *** 
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Chapter 7 –Ocean acidification indirectly affects fish 

communities driving biogenic habitat shifts 
 

 

Introduction 
 

Shifts of marine biogenic habitats in response to anthropogenic activities and a range of bio-

physical stressors have been observed since the 1960s (Hughes 1994). Classical explorations of this 

issue focused on coral reefs where main disturbances of interest included overfishing (Jackson et al. 

2001), outbreaks of coral-eating predators (Death et al. 2012), diseases (Hughes 1994), pollution 

(McCulloch et al. 2003), hurricanes (Hughes 1994), and extreme temperatures (Hoegh-Guldberg 

1999). In addition to this, there is increasing evidence that ongoing ocean warming is leading 

species range shifts and community changes worldwide with (1) warm-water species moving 

poleward following their thermal envelopes, (2) documented changes in the strength of interspecific 

interactions (e.g. climate-mediated increases in herbivory leading to the deforestation of temperate 

kelp communities), (3) and a general loss of habitat structure as a result of reduced cover of highly 

complex biogenic habitat formers (e.g. Vergès et al. 2014, 2016). 

An additional expectation is that Ocean Acidification (OA) will act as a supplementary game-

changer. For instance, modelling and in situ observations suggested that declines of aragonite 

saturation state (Ωarag) at higher latitudes will halt the poleward expansion of tropical corals (van 

Hooidonk et al. 2014; Yara et al. 2012), although other co-occuring factors, such as doses of 

photosynthetically available radiation over winter, will also constrain range shifts (Muir et al. 

2015). Nowadays, there is increasing evidence that natural CO2 seeps, where volcanic vents acidify 

the water column and lower carbonate content, may provide further insights into the future of 

marine ecosystems because they expose entire communities to long-term (multi-generational) ocean 
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acidification (Barry et al. 2010). Therefore, our knowledge of the ecosystem effects of ocean 

acidification is advancing rapidly with documented observations in CO2 volcanic analogues of 

warm temperate settings around Italy (Hall-Spencer et al. 2008) and tropical coral reef ecosystems 

(Enochs et al. 2015; Fabricius et al. 2011, 2014; Inoue et al. 2013). 

Responses of biogenic habitats may vary under expected levels of OA and the types of transitions 

seem to differ regionally, as no total coral cover reduction but species composition changes were 

observed in Papua New Guinea and Palau (Barkley et al. 2015; Fabricius et al. 2011), while 

dominance-shift from hard to soft corals were documented in tropical Japan (Inoue et al. 2013) and 

from corals to macroalgae in Northern Mariana Islands (Enochs et al. 2015). Loss of corals’ 

complexity and diversity leads to loss of associated invertebrates (Fabricius et al., 2014) and reef 

fishes (Graham & Nash 2013). Loss of reef fishes leads to coral decline, as pristine fish 

communities aid coral recovery after bleaching, predation, or other disturbance events (Hughes et 

al. 2010; Mumby & Steneck 2008; Rasher et al. 2013).  

By now, very few attempts have been made to empirically estimate the indirect effects of ocean 

acidification on fish communities via biogenic habitat shifts, with a few in situ studies revealing 

mixed responses. Despite causing reduced coral reef complexity, long-term elevated CO2 does not 

lead to changes in reef fish community composition and structure (Munday et al. 2014). While, 

when kelp/macroalgae and seagrass habitats shift to low-relief turf-algal habitats off CO2 seeps in 

New Zealand and Italy, this causes loss of fish predators and prey fish species release, even though 

their antipredator responses were compromised (Nagelkerken et al. 2015). Interestingly, recent 

models suggest OA-mediated biogenic habitat shifts may be dramatic in coral reef ecosystems and 

some macroalgal habitats reducing the associated diversity, but might increase complexity and 

diversity in seagrass and other macroalgal habitats (Sunday et al. 2016).  

Here I aim at addressing responses of fish communities in CO2 seeps located in the NW Pacific off 

Japan, a region with naturally low levels of pCO2, high carbonate saturation levels and elevated 

https://paperpile.com/c/agmqjs/ymsF
https://paperpile.com/c/agmqjs/ymsF
https://paperpile.com/c/agmqjs/ymsF
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local seawater temperatures (Midorikawa et al. 2005). These conditions are conducive for the 

coexistence of both canopy forming macroalgae and scleractinian coral communities in ambient 

conditions while a transition to low-relief algal turf habitats occurs at elevated CO2. Specifically I 

coupled fish surveys and benthic community assessments (complexity, canopy, % cover) at and 

around the natural CO2 volcanic seeps off Shikine Island (Izu Islands) to assess the indirect effects 

of OA induced shifts of biogenic habitat on reef fish communities. 

 

Materials and Methods 
 

Study sites and carbonate chemistry 
 

Shikine is a volcanic island east of the Izu peninsula in Japan (34° 19' 9" N, 139° 12' 18" E) with 

many CO2 seeps in shallow waters. Based on previous geochemical investigations (Agostini et al. 

2015), the study sites were selected to avoid potentially confounding geochemical factors (e.g. high 

sulfides, negative redox potential, altered total alkalinity and elevated temperature). Specifically in 

the rocky subtidal zone two ‘Ambient-CO2’ sites (Ref 1 and Ref 2) with one ‘High-CO2’ (High), 

one ‘Mid-CO2’ (Mid) and one ‘Low-CO2’ (Low) site were selected (see Fig. 1 for site locations 

along the Shikine Island coast). 

https://paperpile.com/c/agmqjs/5lt0
https://paperpile.com/c/agmqjs/5lt0
https://paperpile.com/c/agmqjs/5lt0
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Figure 1 - Map of the study site in Shikine Island and spatial distribution of pCO2 values during June 

surveys a) in Mikama bay (high, mid and low pCO2 sites) and b) in control (Ref1 and Ref2 sites). 

 

Seawater pH, temperature and salinity were monitored using a WQC24 multi-parameter logger with 

a depth sensor (DKK-TOA Corporation, Tokyo, Japan) coupled with a GPS (eTrex30x, Garmin) to 

document the spatial variation in carbonate chemistry. Temperature, pH, salinity and total alkalinity 

(TA; taken from discrete samples see below), were used to calculate omega saturation states of 

calcite and aragonite, and to control in situ continuous measurements of pCO2 collected by 

deploying a HydroII CO2 sensor (Contros System & Solutions GmbH, Germany). Measures of 

pCO2 were taken every 10m along each transect of the different sampling sites (two 100m-transects 

in high, mid and low pCO2 sites and five 100m-transects in Ref pCO2 site).  The spatial distribution 

of pCO2 was plotted using the nearest neighbour interpolation algorithm in ArcGIS (ESRI, New 

York, USA) (Fig. 1).  
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Total alkalinity (TA) was measured from water samples collected at each subtidal site (n = 6 for 

each site). Water samples were immediately filtered at 0.45 μm using disposable cellulose acetate 

filters (Dismic, Advantech, Japan) and stored at room temperature in the dark until measurement. 

TA was measured by titration (785 DMP Titrino, Metrohm) with HCl at 0.1 mol l-1, and calculated 

from the Gran function between pH 4.2 and 3.0. The titrations were cross-validated using a working 

standard (SD: ± 9 μmol kg-1) and against certified reference material purchased from the A.G. 

Dickson laboratory. The carbonate chemistry parameters were calculated using the CO2SYS 

software (Pierrot & Wallace 2006).  

The measured pH, TA, temperature and salinity were used as the input variables, alongside the 

disassociation constants from Mehrbach et al. (1973), as adjusted by Dickson & Millero (1987), 

KSO4 using Dickson (1990), and total borate concentrations from Uppström (1974). Results are 

shown in Table 1. 

 

Table 1 - Summary of seawater chemistry of the subtidal on the five sampling sites off Shikine Island, Japan. 

Measurements were taken on different days (2nd-11th June 2016) using a DKK-TOA every 10 meters along 

100m transects laid at the pCO2 sites reported in Figure 1. 

 n Salinity T (°C) pH Ωcalc Ωarag 

High 10 34.54 (±0.06) 19.92 (±0.55) 7.87 (±0.15) 2.43 (±0.59) 1.58 (±0.38) 

Mid 18 34.62 (±0.07) 19.44 (±0.49) 8.07 (±0.10) 3.53 (±0.57) 2.29 (±0.37) 

Low 16 34.71 (±0.05) 19.54 (±0.66) 8.13 (±0.05) 4.04 (±0.29) 2.45 (±0.19) 

Ref 1 28 34.72 (±0.05) 18.89 (±0.31) 8.21 (±0.01) 4.51 (±0.13) 2.92 (±0.09) 

Ref 2 27 34.79 (±0.05) 19.50 (±0.19) 8.25 (±0.03) 4.95 (±0.33) 3.21 (±0.21) 

 

 

 

 

Substrate rugosity, benthic canopy height and percentage cover 
 

At each site, substrate rugosity was estimated with the standard chain method proposed by 

Luckhurst & Luckhurst (1978). Using a 30-m chain with links 1 cm in length, the contoured 

https://paperpile.com/c/agmqjs/lLCS
https://paperpile.com/c/agmqjs/lLCS
https://paperpile.com/c/agmqjs/lLCS
https://paperpile.com/c/agmqjs/qKf2/?noauthor=1
https://paperpile.com/c/agmqjs/lO21/?noauthor=1
https://paperpile.com/c/agmqjs/SwvL/?noauthor=1
https://paperpile.com/c/agmqjs/D2Eg/?noauthor=1
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distance was measured by serially laying the chain across the physical substratum (e.g. rocks, 

pebbles and boulders), following every topographical high and low underneath the transect line and 

avoiding encompassing the most complex hard biotic features (e.g. table and massive corals), which 

in turn were considered to estimate the canopy height (see below). The chain-transect rugosity is the 

ratio of the contoured distance to the linear distance.  

The percentage cover (%C) of the different benthic morphologies (the above mentioned benthic 

features) along with the presence of barren rock, sand and pebbles was assessed through replicated 

photo-quadrats placed every five meters along each 100 m transect. An Olympus Stylus Tough TG3 

with a PT056 camera housing was mounted on a 1 x 1 m frame. The %C was estimated using the 

open-access software Image-J by tracing the contour of each 2-dimensional benthic feature using 

the tool Object-J.  

The biotic canopy height was measured every 1 meter using the point-intercept standard method 

along each transect over the different sites. The canopy of the following benthic features was 

considered: canopy forming algae (height >5 cm), non-canopy forming algae (height ≤5 cm), 

crustose coralline algae (CCA), turf (unidentified small filamentous algae and diatoms 

aggregations), Caulerpa chemnitzia var. peltata, anenomes, encrusting-, massive- and table-corals, 

soft corals and sponges. The related canopy height profiles for each site were plotted using the 

nearest neighbour interpolation algorithm in ArcGIS (ESRI, New York, USA).  

Due to the large amount of data collected recently and the time constraints, I was unable to present 

in this dissertation the seasonal patterns of the benthic communities. Analyses of benthic data from 

September surveys are presently underway.  

 

Fish surveys 

Species composition and relative abundance of fishes were visually censused within standard linear 

transects (Harmelin-Vivien et al. 1985). A total of 75 transects were made on June 2016 and 37 on 

September 2016. Transects were located randomly at each site between 4 and 9.6 m depth, and were 
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conducted by scuba divers swimming for 25 m while counting all the fish encountered within 2.5 m 

either side of the line (125 m2) (Harmelin-Vivien et al. 1985). All individuals with a total length 

(TL) of >3 cm were counted to reduce difficulties associated with sampling small recruits, and the 

influence of sporadic recruitment episodes on abundance estimates (Nakamura et al. 2013). Counts 

were conducted from 09.00 to 15.00 h, to avoid potential within-day variability (Willis et al. 2006; 

Azzurro et al. 2007). Water visibility exceeded 15 m for all counts. To make qualitative 

comparisons among different CO2 sites, the different fish species were also subdivided by origin 

(tropical, subtropical and temperate) and feeding groups (Piscivore, Benthivore, Omnivore, 

Herbivore, Planktivore, Detritivove, Cleaner fish), following Nakamura et al. (2003) and FishBase 

(http://www.fishbase.org/). 

Data analyses 
 

Differences in composition and structure of benthic assemblages were ordered by multivariate non-

metric multidimensional scaling technique (nMDS) and tested using Permutational Multivariate 

Analysis of Variance, PERMANOVA (Anderson & Ter Braak 2003); PRIMER 6 and 

PERMANOVA +B20 package (Clarke & Gorley 2006). MDS is an unconstrained ordination 

method and thus allows patterns in overall dispersion and potential differences in relative within-

group dispersions to be visualized. The analyses were performed on Bray-Curtis measures in a 

multivariate context of square root transformed data, using 9999 permutations of the appropriate 

units. The factor “Site” was considered as a fixed factor with 5 levels, based on their carbonate 

chemistry data (High, Mid, Low, Ref 1 and Ref 2).  

The same sampling design was adopted for both the June and September fish survey and analysed 

on Bray-Curtis measures of square root transformed data with 9999 permutations using 

PERMANOVA and pair-wise t tests (Anderson & Ter Braak 2003). The constrained ordination 

canonical analysis of principal coordinates or CAP (Anderson & Willis 2003) was used to visualize 

multivariate patterns of the June 2016 fish surveys with respect to the particular hypothesis of ocean 
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acidification effects on fish diversity via biogenic habitat shifts. This method is a canonical 

correlation analysis and was done to visualize the potential relationship between multivariate 

variation in fish assemblages and the percentage cover of the different benthic features in each site. 

The canonical correlation was tested using 9999 unrestricted random permutations of the data. 

September data on fish were displayed by the nMDS technique. 

Finally, to further investigate the potential relationship between pCO2, habitat characteristics 

(canopy height and the number of benthic taxa in each transect) and variation in fish assemblages, I 

also ran linear regression analyses searching for significant relations of pCO2 vs. habitat 

characteristics, habitat characteristics vs. number of fish species and pCO2 vs. number of fish 

species.  

 

Results and Discussion 

 

The substrate rugosity, expressed as the ratio of the contoured distance to the linear distance along 

the benthic 100-m transects, did not significantly change (T test=0.22; p>0.05; n=5) between the 

CO2 gradient (Low, Mid and High; average rugosity index: 1.24 ±0.05 SD) and the reference sites 

(Ref 1 and Ref 2; average rugosity index: 1.16 ±0.12 SD). This suggested that more than the coral 

coverage, the rugosity at these sites is mostly determined by the topography of the physical 

substratum (e.g. rocks, pebbles and boulders, sand).  

Clear community shifts from scleractinian corals and high profile macroalgae to small turf algae 

were evident from ambient to elevated CO2 sites (Fig. 2; PERMANOVA: Pseudo-F= 87.33; 

P(perm)=0.0001). Biogenic habitats composition and structure did not differ between references 

sites (Pair-wise T test, t= 1.53; P(perm)=0.08), whilst it was always highly different 

(P(perm)=0.0001) in the pair-wise comparisons involving the elevated CO2 sites. 
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Figure 2 – Photomosaic of main benthic cover observed in June 2016 at a) Ref 1 and Ref 2 sites, b) Low and 

Mid pCO2 sites, c) High pCO2 site. The figure shows a clear community shifts from scleractinian corals and 

high profile macroalgae at ambient pCO2 sites to small turf algae at High pCO2 sites. d) Non-metric 

multidimensional scaling (NMDS) plot of habitat characteristics at five pCO2 sites (High, Mid and Low 

pCO2, Ref1 and Ref2) in June 2016.  

 

Table (Acroporids), massive (Favids) and encrusting (Favids and Porites) corals were common at 

reference sites. They thrive at this high latitude (34° N) in the NW Pacific due to the warm 

northward flow of the Kuroshio Current (Midorikawa et al. 2005). Hard corals were rare at ~400 

µatm in the Low CO2 site and absent at higher CO2 levels. In contrast to some other CO2 seep 

systems (Suggett et al. 2012; Inoue et al. 2013), anemones and soft corals were missing at our 

elevated CO2 areas, instead dense mats of Caulerpa chemnitzia var. peltata and turfs covered most 

of the rocky substrata. The significantly increased prevalence of low profile algae at Mid and High 

CO2 aligns with results from other natural analogues. The likely pattern is that ocean acidification 

causes arrested successional development due to competition for space by a few highly tolerant 

species (Gaylord et al. 2015). A few groups were ‘winners’ at High and Mid CO2 sites (e.g. 

https://paperpile.com/c/agmqjs/5lt0
https://paperpile.com/c/agmqjs/5lt0
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Caulerpa chemnitzia was highly abundant), and a single species of canopy-forming red alga 

dominated at 900 ppm CO2. In general there were losses of calcareous species and high profile 

algae which resulted in much reduced biogenic habitat complexity. This shift in dominant habitat 

type from coral/canopy-forming algae to low profile and turf algae also caused an overall loss of 

canopy height (Fig. 3). 

 

 

Figure 3 - Canopy height profiles for each site.  

 

The analyses on the biogenic habitats composition and structure and the canopy height from 

September 2016 surveys are still underway and prevent me to present the seasonal patterns at this 

stage. However, community shifts are generally consistent with the June 2016 surveys with a clear 

transition from coral/high profile algae to low profile/turf algae (Fig. 4). Main differences were 

likely related to the seasonal typhoons (occurring from July to September) and consisted of reduced 

cover and canopy of macroalgae, whereas Caulerpa beds completely disappeared from the elevated 

CO2 sites and were readily substituted by turfs forms (Fig. 4).  
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Figure 4 – Photomosaic of main benthic cover observed in September 2016 at the different CO2 sites  

 

 

Fish surveys carried out on June 2016 revealed that fish assemblages differed significantly among 

the different sites along the CO2 gradient and the reference sites (Table 2). 

 

 

Table 2 - (a) PERMANOVA and (b) pair-wise t tests on the basis of Bray-Curtis dissimilarities for fish 

assemblages from June surveys (56 species) in the different CO2 sites after square-root transformation. 

a) Source df SS MS Pseudo-F P(perm) 

Unique 

perms 

Site 4 33033 8258.2 7.6259 0.0001 9883 

Residual 68 73638 1082.9    

Total 72 106670     

       

b) Groups t P(perm) 

Unique 

perms    

High, Mid 2.1254 0.0001 9935    

High, Low 2.2837 0.0001 9925    

High, Ref1 3.5342 0.0001 9924    

High, Ref2 2.3898 0.0001 9937    

Mid, Low 1.9959 0.0001 9929    

Mid, Ref1 4.1859 0.0001 9932    

Mid, Ref2 2.8666 0.0001 9940    

Low, Ref1 3.0886 0.0001 9918    

Low, Ref2 2.1687 0.0001 9901    

Ref1, Ref2 1.576 0.0053 9927    

 

 

The CAP analysis showed significant effects of the biogenic habitats (Fig. 5), with a squared 

canonical correlation of δ2= 0.81953 (p = 0.0001). The canonical axis corresponding to this 

300 ppm 500-800 ppm >900 ppm

Ref 1 - Ref 2 Low - Mid High

300 ppm 500-800 ppm >900 ppm

Ref 1 - Ref 2 Low - Mid High
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‘habitat’ main effects clearly separated the fish assemblages between different CO2 sites and habitat 

composition (Table 3; Fig. 5). 

Similar fish studies carried out across different carbonate chemistry levels at CO2 seeps in Papua 

New Guinea documented that fish community composition and structure differed little between CO2 

seeps and nearby control reefs, suggesting that highly mobile fish species are able to move in and 

out a CO2 gradient. Observed differences in abundance of some fish species were indirectly related 

to coral communities changes between CO2 exposed and un-exposed reefs (see Fabricius et al. 

2014) rather than by the direct effects of high CO2 (Munday et al. 2014).  

 

 

Table 3 - Results of the canonical analysis and coefficients in the linear combinations 

of the biogenic habitat variables making up canonical coordinates. Only CAP 1 and 

CAP2 data are reported. 

Correlations Choice of m: 5 

Number of samples: 

73 

Eigenvalue Correlation Corr.Sq. 

1 0.9053 0.8195 

2 0.6489 0.4211 

   

Variable CAP1 CAP2 

Turf -0.772 0.267 

CCA 0.028 -0.397 

NonCanopy 0.305 -0.22 

Canopy 0.312 0.737 

Caulerpa -0.232 -0.114 

TableCoral 0.236 0.229 

SoftCoral 0.154 0.24 

EncrustingCoral 0.238 -0.143 

Anemone 0.095 -0.114 

Other -0.117 0.152 
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Figure 5 - Canonical analysis of principal coordinates (CAP) ordination plot showing changes in 

composition of reef fish assemblages on the five pCO2 sites. Vectors are proportional to the percentage of 

variance in the fish community composition explained by each benthic morphological unit.  

 

The results of the fish surveys carried out on September 2016 are consistent with those conducted 

on June 2016 confirming that fish assemblages differed significantly among the different sites along 

the CO2 gradient and the reference sites (Table 4, Fig. 6). 
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Table 4 - (a) PERMANOVA and (b) pair-wise t tests on the basis of Bray-Curtis dissimilarities for fish 

assemblages from September surveys (66 species) in the different CO2 sites after square-root 

transformation. 

a) Source df SS MS Pseudo-F P(perm) Unique perms 

Site 4 27983 6995.8 6.3493 0.0001 9890 

Residual 32 35258 1101.8                         

Total 36 63241           

       

b) Groups      t P(perm) Unique perms    

High, Mid 1.619 0.0139 5035    

High, Low 1.8975 0.0005 5094    

High, Ref1 3.1076 0.0001 5059    

High, Ref2 3.0156 0.0003 5077    

Mid, Low 2.2486 0.001 1708    

Mid, Ref1 3.1147 0.0004 5055    

Mid, Ref2 2.9817 0.0007 1709    

Low, Ref1 2.7049 0.0003 5056    

Low, Ref2 2.5356 0.0007 1709    

Ref1, Ref2 1.3871 0.0233 5056    

 

 

 

Figure 6 - Non-metric multidimensional scaling (NMDS) plot of fish assemblages composition at five pCO2 

sites (High, Mid and Low pCO2, Ref1 and Ref2) in September 2016.  

 



 

215 
 

In addition to community level changes, biogenic habitats shifts affected fish diversity and 

composition as carbon dioxide levels increase, with some likely adverse effects on ecosystem 

functioning. Regression analyses showed consistent responses with my expectations (Table 5; Fig. 

7) that CO2 might indirectly affect fish by decreasing habitat characteristics.  
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Figure 7 - Linear regressions between pCO2, habitat characteristics, and the number of fish species. (a, b, c) 

Expected responses related to indirect effect of ocean acidification on fish diversity via habitat 

modifications. (d, e) Relations involving the canopy height measured at each site and used as a proxy of 

habitat complexity. (f, g) Relations involving the number of morphological units (i.e. the number of benthic 

taxa) recorded at each site as a proxy of habitat heterogeneity. (h) Linear regression between the pCO2 and 

the number of fish species. Results of regression analyses are reported in Table 5. 
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Table 5 -  Summary of the regression analyses results. 

Regressions r n p level 

pCO2 vs Canopy height 0.530086 74 <0.001 

Canopy height vs # of fish species 0.546239 74 <0.001 

pCO2 vs # of morphological units 0.430203 71 <0.001 

# of morphological units vs # of fish species 0.583633 71 <0.001 

pCO2 vs # of fish species 0.589965 74 <0.001 

 

 

 

In addition to this, qualitative comparisons suggest fish species composition slightly changed 

towards a more temperate faunal component (Fig. 8a; Table S1), which is very likely related to the 

observed loss of scleractinian corals at >400 ppm CO2 and hence of the specialized associated fish 

fauna they support. Moreover, an increase of piscivore, detritivores and herbivores in elevated CO2 

conditions was evident (Fig. 8b; Table S1). These evidences contrast with previous findings on fish 

fauna of temperate CO2 seeps off Italy suggesting a loss of piscivores in elevated CO2 conditions 

(Nagelkerken et al. 2015) and with documented increase of warm-water tropical fish fauna along 

the Japan waters (Nakamura et al. 2013).  
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Figure 8 - Representation of fish community composition at different pCO2 sites (Ref1 and Ref2 are unified 

in  Refs) indicating % contribute of number of  species subdivided by a) origin  (tropical, subtropical or 

temperate) and b) feeding group (benthivore, herbivore, omnivore, piscivore, planktivore, cleaner, 

detritivore). See Table S1 for details. 

 

The observed transitions from coral/high profile algae to low profile/turf algae rather support the 

available models suggesting that ocean acidification will limit temperature-induced poleward 

expansion of coral habitats (Yara et al. 2012), and more importantly that this will cascade on the 

associated fish fauna composition with an increasing temperate and herbivore/detritivore fish 

component.  
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Although natural analogues provide many benefits, there are also some key caveats to their use for 

ecosystem level assessments, such as limited degree of spatial replication, movement of animals in 

and out of the experimental sites, or confounding effects of other drivers. Moreover, their use for 

understanding ecosystem level processes such as larval dispersal, postsettlement migrations or 

habitat selection maybe be limited because the spatial scales at which these processes occur are 

usually larger than the surface areas of natural laboratories. Despite this, I found rather consistent 

changes in the fish community and diversity, which are linked to biogenic habitat shifts occurring as 

a result of chronic exposure to elevated CO2 levels. Importantly these findings add on recent 

evidence suggesting that ocean acidification mediates biodiversity shift via biogenic habitat changes 

(e.g. reduced complexity) (Sunday et al. 2016). In addition to a general indirect on fish diversity 

loss, this study also demonstrates that the increase of low-profile/turf algae due to ocean 

acidification might counter-intuitively drive, likely via more food provisioning, a greater abundance 

of herbivorous fish species, at the same time lowering the number of tropical fish species. Whilst 

the direct effects of ocean acidification are readily detectable, indirect effects of ocean acidification 

may leave a stronger imprint on marine communties.  
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Supplementary data 
 

Chapter 7 – Ocean acidification indirectly affects fish 

communities driving biogenic habitat shifts 

 

 

List of contents:  

Table S1. Fish species across all the transects of the different pCO2 sites observed during the two study 

periods (June and September 2016).  
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Table S1 - Fish species censused at the different pCO2 sites in June and September 2016. Origin and 

Feeding group are reported for each species. Number of species: 56 in June 2016 and 66 in September 

2016. 

Species June 2016 

September 

2016 Origin Feeding group 

Abudefduf vaigiensis 

 

X Tropical Omnivore 

Acanthurus nigrofuscus 

 

X Tropical Herbivore 

Amphiprion clarkii X X Tropical Planktivore 

Anampses 

caeruleopunctatus X X Tropical Benthivore 

Aulacocephalus temmincki  X X Tropical Planktivore 

Balistidae unident. sp. 

 

X 

  Calotomus japonicus X X Subtropical Herbivore 

Canthigaster rivulata X X Tropical Omnivore 

Chaetodon auripes  X X Tropical Benthivore 

Cheilio inermis X X Tropical Benthivore 

Chilomycterus reticulatus  X X Tropical Omnivore 

Chromis notata X X Subtropical Planktivore 

Chromis yamakawai X X Subtropical Planktivore 

Coris aygula X X Tropical Benthivore 

Dascyllus trimaculatus 

 

X Tropical Omnivore 

Dasyatis akajei X 

 

Tropical Piscivore 

Enchelycore pardalis 

 

X Tropical Piscivore 

Enneapterygius etheostomus  X 

 

Temperate Herbivore 

Epinephelus fasciatus X X Tropical Piscivore 

Eviota abax X 

 

Tropical Benthivore 

Fistularia commersonii 

 

X Tropical Piscivore 

Fistularia petimba 

 

X Tropical Piscivore 

Girella leonina X X Subtropical Herbivore 

Goniistius zebra X X Temperate Benthivore 

Goniistius zonatus X X Tropical Benthivore 

Gymnothorax kidako X X Tropical Piscivore 

Halichoeres melanochir X X Tropical Benthivore 

Halichoeres hortolanus 

 

X Tropical Benthivore 

Istigobius campbelli X X Tropical Benthivore 

Labroides dimidiatus X X Tropical cleaner fish 

Lactoria diaphana X X Subtropical Benthivore 

Lethrinus nebulosus 

 

X Tropical Benthivore 

Microcanthus strigatus 

 

X Tropical Omnivore 

Mugilidae X X Subtropical Detritivore 

Mulloidichthys vanicolensis 

 

X Tropical Benthivore 

Myrichthys maculosus X 

 

Temperate Benthivore 

Oplegnathus fasciatus 

 

X Temperate Benthivore 

Oplegnathus punctatus X X Temperate Benthivore 

Ostorhincus doderleini X 

 

Subtropical Benthivore 

Ostracion immaculatus X X Temperate Benthivore 

Paracanthurus hepatus 

 

X Tropical Planktivore 

Parapeneus multifasciatus X X Temperate Benthivore 

Parapeneus spilurus 

 

X Tropical Benthivore 

Parapristipoma trilineatum X X Subtropical Planktivore  

Pempheris skhwenkii X X Tropical Planktivore  

Pempheris sp. X 

 

Tropical Planktivore  

Plagiotremus rhinorhyncos X X Tropical Benthivore 
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Plagiotremus tapeinosoma  X X Tropical Piscivore 

Pomacentrus coelestis X X Tropical Planktivore 

Pomacentrus nagasakiensis X X Tropical Planktivore 

Prionurus scalprum X X Subtropical Herbivore 

Pseudanthias sp.  X 

 

Tropical Planktivore 

Pseudanthias squamipinnis X X Tropical Planktivore 

Pseudocaranx dentex X X Tropical Piscivore 

Pseudojuloides elongatus X X Temperate Benthivore 

Pseudolabrus sieboldi  X X Subtropical Herbivore 

Pteragogus aurigarius X X Subtropical Benthivore 

Ptereleotris evides  

 

X Tropical Planktivore 

Sargocentron spinosissimum X 

 

Temperate Benthivore 

Scarus ovifrons X X Subtropical Herbivore 

Scombrops boops X X Temperate Herbivore 

Sebastiscus marmuratus  X X Tropical Piscivore 

Selaroides leptolepis  X 

 

Tropical Planktivore 

Seriola dumerili 

 

X Subtropical Piscivore 

Sphyraena barracuda 

 

X Subtropical Piscivore 

Stegastes altus X X Subtropical Herbivore 

Stephanolepis cirrhifer X X Temperate Omnivore 

Stethojulis interrupta terina X X Tropical Benthivore 

Suezichthys gracilis X X Tropical Benthivore 

Tetrosomus reipublicae X X Tropical Benthivore 

Thalassoma cupido X X Subtropical Benthivore 

Thalassoma lunare  X X Subtropical Benthivore 

Thalassoma lutescens X X Subtropical Benthivore 

Acanthuridae unident. sp. 

 

X 

  Zanclus cornutus 

 

X Subtropical Benthivore 
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Chapter 8 - Final considerations and future directions 

 
This thesis represents a contribution to the understanding of future Ocean Acidification (OA) 

impact on marine teleosts fish. Actually, the examined topic is controversial as existing literature 

often reported mixed and contradictory responses. Indeed, biological consequences of OA on fish 

are fundamentally linked to their ecology and physiology. The observed variability in fish response 

to elevated CO2 suggests some species may be more sensitive to changes of ocean chemistry than 

others, and that generalizations on the possible effects of future pCO2 conditions on this taxon are 

still difficult to be reached. In this context, increasing our knowledge on how fish with different life 

history traits respond to future ocean conditions is a high priority to understand which 

characteristics could potentially favour fish adaptation to OA. The overall goal of this dissertation 

was to provide empirical evidence on the possible effects of OA on fish through field and 

laboratory-based observations focused on different life stages (i.e. from embryos to adults), on 

several life history processes (e.g. reproduction, embryonic and larval development, prey-predator 

interactions), and on different levels of organization (i.e. from organisms to communities).  

The quantitative review of existing studies dealt with trait-mediated responses of fish to increasing 

CO2. As research on the topic has progressed in the last few years, that chapter provided further 

evidence of the possible variable impacts of predicted OA on marine teleosts fish and also that the 

vast majority of the information about fish response to OA originate from short-term laboratory 

studies. Despite their importance in highlighting responses to selected stressors, such studies 

unlikely may reflect the complex interactions among organisms and between species and the 

environment occurring in the wild. The meta-analysis I presented showed  that OA will not have a 

consistently negative overall effect on fish, except for their behaviour that could be strongly 

affected in the next few decades. However, some biological processes could be impacted at specific 

CO2 concentrations and different life history traits could modulate the magnitude of these effects. 
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Indeed, early-stages (larvae and juveniles) and tropical species were the most influenced traits by 

altered pCO2 levels, showing significant negative effects even at near future CO2 concentrations. 

Nevertheless, my analyses failed to find any specific trait conferring tolerance to OA suggesting 

that fish response to increased CO2 concentrations depends on a variety of factors including for 

instance intra-specific genetic variability that potentially shapes capacity for transgenerational 

acclimation and adaptation (Schunter et al. 2016). Chapters 3, 4 and 5 of this thesis were addressed 

to fill some of these knowledge gaps, as they examined the effects of high pCO2 levels on 

reproduction, embryonic development and behaviour of fish through field-based experiments. In 

most cases, these field-based experimental evidences suggested that fish populations living at 

natural CO2 gradient could display high tolerance to future OA conditions. This tolerance emerged 

over the entire life cycle, as overall I did no find effects in embryos, hatchlings, settled larvae and 

adults.  Results of the chapter 3 showed that reproductive output (e.g. number and size of laid eggs) 

of ocellated wrasse females and behaviour of dominate nesting males did not differ between CO2 

sites. However, more subtle effects were found, as spawning events involving nesting males were 

significant lower in high CO2 site than in ambient sites. Despite the higher risk of sperm 

competition found at elevated CO2, a trend of lower satellite and sneaker male paternity was found 

at the same CO2 condition. Alonzo et al. (2016) recently provided an explanation to this apparently 

contradictory result, demonstrating that females of S. ocellatus may be able to increase the paternity 

of the preferred parental male phenotype. The observed tolerance of adult fish to high CO2 was 

displayed also by embryos during the development. In the chapter 4, I showed that metabolism and 

growth of embryos were not different between CO2 sites. This resilience to elevated dissolved CO2 

was also displayed during the late developmental stage, when the energy demand is greater than 

earlier development phases. Several studies failed to find effects on development and survival of 

embryos exposed to elevated CO2 concentration (Munday et al. 2009; Franke & Clemmesen 2011; 

Frommel et al. 2013; Hurst et al. 2013; Flynn et al. 2015), suggesting that the morphological 
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characteristics of fish eggs provide embryos a physical protection during exposure to environmental 

stressful conditions. Moreover, since embryos of S. ocellatus develop among algae and thus 

experience a wide range of pCO2 levels during their development in the benthic nests, that could 

make them more able to cope with elevated CO2 concentrations. However, this resilience was not 

found after a short-term exposure experiment (i.e. the reciprocal transplant experiment). Embryos 

moved from ambient to High CO2 site for 30 hours showed higher metabolic rates during the late 

development phase and decreased size at hatching than embryos from all the other treatments, 

suggesting the importance of parental effects (e.g. pre-exposure of parents to elevated CO2 in the 

field) in determining sensitivity thresholds to environmental disturbances. Unexpectedly, the 

ocellated wrasse recruits both from ambient and high CO2 sites off Vulcano Island seeps displayed 

a similar avoidance of predator odour, suggesting again that early stages of this species could be 

tolerant to rising CO2. Therefore, the results of the chapter 5 add on previous evidence suggesting 

temperate fish species might exhibit higher resilience to OA than tropical species. Actually, when I 

carried out lab experiments on a common tropical damselfish from the Red Sea,  I found that group 

of juvenile fishes did not show differences in the escape response between control and high CO2 

conditions, but the presence of a predator elicited their bolder behaviour and less use of the shelter, 

despite considering their social context (Nadler et al. 2016).  

Indeed, the results of the experiments I presented in the chapters 3 to 5 to some extent corroborate 

the importance of the adaptive potential of a given population, which depends on the amount of its 

genetic variation (Sunday et al. 2014; Schunter et al. 2016) and on its ability to transmit this 

variation between generations (Schunter et al. 2016). Likely, some of the CO2-mediated negative 

effects can be reduced if offspring experience the same environmental history as their parents. At 

the same time, I could assert that acute exposure led to different results than more chronical ones, as 

embryos, larvae at hatching and juveniles exposed to short-term high CO2 concentrations displayed 

detrimental effects on metabolism and growth or on their ability to avoid predators (chapters 4 and 
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6).  In addition to this, I further qualitatively documented that temperate species may be more 

tolerant than tropical ones. Indeed, these responses should be further investigated. 

Importantly, the results presented in the chapter 7 showed rather consistent indirect responses of 

fish communities and their diversity, which were both linked to biogenic habitat shifts resulting 

from chronic exposure to elevated CO2 levels. These classical kinds of indirect responses suggest 

that whilst the direct effects of ocean acidification are readily detectable on many taxa (e.g. Kroeker 

et al. 2013) or are maybe more variable in fish (see chapter 2), indirect effects of ocean acidification 

may leave a stronger imprint on marine communities.  

Indeed, acclimation and adaptation will have significant consequences for how marine organisms 

will respond to future high CO2 oceans (Sunday et al. 2014). However, such adaptations may be too 

slow for many long-lived species. Longer term and multi-generational experiments are therefore 

needed to test for a potential adaptation of fish occurring at elevated pCO2 levels. To date 

experimental findings are not in line with conclusions made on fossil records and observations from 

paleo-studies, which suggested teleost fish as a very tolerant taxon to elevated pCO2 levels when 

compared to invertebrate taxa (Wittmann & Pörtner 2013). In this context, this study also identifies 

a critical need to increase the number of studies dealing with acclimation and adaptation under 

ocean acidification scenarios. A few studies showed potential for transgenerational acclimation (e.g. 

Allan et al. 2014) while others documented short-term effects in metabolism, olfaction, spawning 

behaviour, and escape response of fish belonging to populations chronically exposed to high CO2 

(Munday et al. 2014; Nagelkerken et al. 2015; Cattano et al. 2016; Milazzo et al. 2016). Although 

much progress has been made in designing experiments to assess how elevated pCO2 can alter fish 

ecophysiology and behaviour, to date we are still far from understanding adaptive capacity to OA 

(Munday et al. 2013). Given that additional environmental stressors will lead to dramatic ocean 

change in the future – i.e. increasing seawater temperature and hypoxia are predicted to occur 

concomitantly to rising seawater CO2 – their effects are unlikely to operate independently and there 
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is a need to understand how the combined consequences of these stressors will affect the fitness of 

marine fish. Pörtner & Farrell (2008) have hypothesised additive and synergic effects of 

temperature and elevated CO2 on individual performance, increasing the energy requirements for 

homeostasis regulation, and therefore, reducing the amount of energy available for other biological 

processes. Similarly, by constraining metabolism, predicted warming and hypoxia can be expected 

to contract the distribution of marine fish (Deutsch et al. 2015). Very importantly, there may be 

genetic correlations between phenotypic variation associated to ocean acidification, warming and 

hypoxia, that could potentially limit the rate of adaptation to these stressors when two or more of 

them occur simultaneously (Munday et al. 2013).  Finally, an additional unavoidable limitation of 

most OA studies on fish and other taxa is their un-representativeness of ecosystem effects since 

they do not take into account the complex species interactions acting at multiple levels of 

organisation in the real world. Here I made a little attempt in giving my contribution to fill this 

knowledge gap. In this context, this thesis might also identify the need to expand the number of OA 

studies dealing with fish responses to community shifts and biogenic habitat modifications in many 

other naturally high CO2 environments. 
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